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Eoothilon Anaiooa 

Technical Reid of the invention : 

The present invention relates to epothiloneA epothilone B. epothilone analogs, libraries of 
epothllona analogs, and methods for producing such compounds using solid phase and so- 
lution phase chemistries, their use for the therapy of diseases or for the manufacture of 
pharmaceutical preparations for the treatment of diseases, as well as to novel intermediates 
used in the synthesis of said compounds. 

Background of the Invention: 

Epothilone A (1 . Rgure 1 ) and epothilone 8 (2. Figure 1 ) are natural sulMtances isolated 
from myxobacteria Sorangium cellulosum strain 90. These natural substances exhibit cyto- 
toxicity against taxol-resistant tumor calli and may prove to hava a clinicat utility comparabi 
or superior to Taxol. (Fbr Taxol references see: Horwitz et al. Nature 277. 665*667 (1 979); 
Nieolaou et al. Angew. Chem. InL Ed. Engl. 33, 15-44 (1994).) Like taxoK the spothiiones 
are thought to exert their cytotoxieity by indudfon of microtubule assembly and stabilization. 
(Bollag et al. Cancer Res. 55, 2325-2333 (1995): KowalsM et al. J. Btol. Chem. 272. 2534- 
2541 (1 997).) Epothilones are reported to be about 2000*5000 times more potent than 
Taxol with respect to the stabiiizatfon of microtubules. Despite the marked structural diffo- 
rences between the epothilones and Taxol^, the epothilones were found to bind fo the 
same region on microtubules and to displace Taxol™ from its binding site. (Grever et aL 
Semtnara in Oncology 1992, 19, 622«638; Bollag et aL Cancer Res. 1995, 55, 2325*2333: 
KowalsW et al. J. Bid. Chem. 1997. 27^ 2534*2541: Horwitz et al. Nature 1979, 277. 665- 
667: Nieolaou et al. Angew. Chem. InL Ed. Engl. 1994. 33. 15-44.) Epothitones A and B 
have generated intense interest amongst chemists, biologists and cUnidana due to their no* 
vel molecular areMtaclur*, important biological action and intriguing mechanism of action. 
(HOfle el al. Angew. Chem. Int Ed. Engl. 35. 1567-1569 (1996); Grever et al. Semin. Oncol. - 
1 9, 622-638 (1988): Botttg et al. Cancer Ree. 55. 2325-2333 (1995); KbwalsW et al. J. Bid. 
Chem. 872, 2834-8841 (1887); NioolMU et al. Angew. Chem. Int Ed. Engl. 35. 2399*2401 
(1996): Meng at al. J. Org. Chem. 61. 7998-7999 (1996); Bertinato et al. J. Org. Chem. 61. 
8000-8001 (1996); Schinzar et al. Chem. Eur. J. 2. 1477-1482 (1998); Mulzer et al. Tetra- 
hedron Lett 37. 9179-8182 (1888); Claua at al. Tetrahedron Lett 38. 1358*1362 (1997); 
Gabriel et al. Tetrahedron Lett 38. 1363-1366 (1997); Balog et al. Angew. Chem. int Ed. 
Engl. 35. 2801-2803 (1888); Yang et al. Angew. Chem. InL Ed. Engl. 36. 166-168 (1997); 
Nieolaou et al. Angew. Chem. InL Ed. Engl. 36, 525-527 (1997); Schinzer et al. Angew. 
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Chem. Int. Ed. Engl. 36. 523-524 (1997); Meng et al. J. Am. Chem. Soe. 119. 2733-2734 
(1997).) 

What is needed are analogs of epothilone A and B and libraries of analogs of epottiilone A 
and B that exhibit superior phamiacologicai properties in the area of microtubule stabilizing 
agerrts. 

What is needed are methods for producing synthetic epothilone A, epothilone B, analogs of 
pothilone A and B, and libraries of epothilone analogs, including epothilone analogs pos- 
sessing both optimum levels of microtubule stat>ilizing effects and cytotoxicity. 

Summary of the invention : 

The invention provides new ways of synthesis for epothilone derivatives with advantageous 
pharmacological properties, especially due to better activities when compared with Taxol or 
(asp cially with regard to the preferred compunds) comparable or better activities than than 
epothllones A or B. v^iich. without said methods, would have been inaccessible, as well as 
new synthetic methods for the synthesis of epothilone A and epothilone B. 

In detail, the invention is directed to analogs of epothilone. More particularly, the invention 
is directed to compounds represented by the following structure (formula 0)): 




wherein n is 1 to 5, preferably 3 or in a broader aspect of the invention 1 . In a preferred 
embodiment, either R* is -OR, and R" is hydrogen, or R* and R* together form a further 
bond so that a double bond is present between the two carbon atoms carrying R* and R**: 
R<i is a radical selected from the group consisting of hydrogen (preferred) or methyl, or (in a 
broader aspect of the invention) a protecting group, especially from the group comprising 
fa/fbutyldimethylsilyl. trimethyWlyl. acetyl, benioyl. and farf-butoxycarbonyl; R2 1« a radical 
selected from the group consisting of hydrogen, methylene and (preferably) methyl; R3 Is a 
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radical selected from the group consisting of hydrogen, methylene and (preferably) methyl: 
R4 is a radical selected from the group consisting of hydrogen (preferred) or methyl, or is a 
protecting group, preferably selected from the group consisting of farf-butytdimett^ylsilyl, 
trimettiylsilyl, acetyl, tMnzoyl. and fe/t-butoxycarbonyl; R5 is a radical selected from the 
group consisting of hydrogen, methyl, -CHO, -COOH. •C02Me, -C02(fe/t>butyl), •C02(/so 
propyl). •C02(phenyi). •C02(benzyl). •CONH(furfuryl), •C02(A''benzo-(2R,3S)-3- 
phenytisoserine). •CON(methy02. -CON (ethyl)2. -CONH (benzyl). •CHsCH2. HCSO . and 

-CH2R1 1 ; ^11 is a radical selected from the group consisting of -OH, -O-Trityl. •0-(C<| -Cg 
alkyi). -(Ci -Ce aikyi). -O-benzyl. -O-allyl. -O-COCHs. •O-COCH2CI. •aCOCH2CH3. -O- 
COCF3, -aOOCH(CH3)2. •0-CO^(CH3)3. -0-CO(cyelopropane).-OCO(cyclohexane). -O- 
C0CH-CH2. -O-CO-Phenyl. -0-(2-fufoyO. -0-(Mben20-(2R,3S)-3-phenyllsoserine), -O- 
cinnanioyi. •0-(acetyt-phenyl). •0-(2-thiophenesulfbnyl), •S-(C^-Cq alicyO. -SH. -S-Phenyl. - 
S-Banzyl. -S-furfuryl. -NH2, -Ns. -NHCOCH3. .NHC0CH2a. ■NHCOCH2CH3. •NHCOCF3. 
•NHCOCH(CH3)2. -NHCO-C(CH3)3. •NHCO(cyclopcopane),-NHCO(cyciohexane). • 
NHC0CH-CH2. -NHCO-Phenyl, •NH(2-furoyl). •NH-(Mbenzo-(2R.3S)-3-phenylisosefine), - 
NH-(dnnamoyl), -NH-(acetyl-phenyl), -NH-(2-ttilophenesulfbnyl). -F, -O. I, -CH2CO2H and 
methyl; Rg is absent metttylene. or oxygen;^ is hydrogw j^Re ^ * radical selected from 
the group represented by the fOr<muias: 



wherein R|is a radical selepted from the group consisting of hydrogen and methyl; Rip is a 
radical selected from th« group represented by ttie formulas: 






OH 





3 
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0-Rx 



\ 



; and (in a broader aspect of the invention) '> 

N N 




and 





N 



wherein Rx is acy(. espedaily iower ail(anoyl, such as acetyl: 



Ria is a radical selected from the group consisting of hydrogen, methyl or a protecting 
group, preferably fa/t>butytdiphenylsilyl. larfbutyldimethylsilyl. trimethyisilyl. acetyl, benzoyl, 
fer^butoxycarbonyl and a group represented by any on of the following formulae 




/ 

N 



0 HN 



or (in a broader aspect of the invention) a salt thereof where a salt-forming group is present 
Preferably, the compound of the formula i has the formula lA 
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or methyl, or (in a b 



R,0 




OR, 



(lA) 



wherein the moieties and symtiois have the manings just defined for a compound of the 
formula I. 

« 

in the above structures* 'a' can be either absent or a single bond; "b" can be either a single 
or double bond; *c' can be either absent or a single bond; 'd* can be either absent or a 
single bond. However, the following provisos pertain: 

1 . If R2 is methylene, then R3 is methylene; 

2. if R2 and R3 are both methylene, then * a ' Is a single bond; 

3. if R2 and R3 are selected from the group consisting of hydrogen and methyl, then 
the single bond ' a ' is absent; 

4. if n is 3, R2 is methyl, R3 is methyt, R5 is selected from the group consisting of 
methyl and hydrogen, Rq is oxygen, R7 is hydrogen, Rg is represented by the 



formula: 




10 



wherein is hydrogen, and Rio is represented by the fomiuia 




6. 



S. 



7. 



then R^ and R4 cannot both be simultaneously hydrogen or methyl or acetyl; 
if Re is oxygen, then 'c' and *d' are both a single bond and 'b' is a single bond: 
if Re is absent, then and *d' are absent and 'b' is a double bond: 
if 'b' is a double bond then Rg. 'C, and *d* are absent; 



wo 98aS929 



PCT/EP97/07011 




Especially preferred is the use of said compounds for the treatment of resistant (especially 
drug resistant) tumours or for the preparation of a pharmaceutical preparation for the 
treatment of drug resistant tumors, or a pharmaceutical preparation for or a method for the 
treatment of a mammal, especially a human, having a proiitarative disease that is resistant 
to treatment with other chemotherapeutic agents, especially Taxol, for or by administration 
to a mammal, especially a human, in need of such treatment, and especially the use of the 
protected forms of the compounds for the synthesis of the free compounds. 

Brief Description of Roures : 

Figure 1 illustrates the structure and numbering of epothilone A (1) and B (2). 

Figure 2 illustrates the retrosynthetic analysis of the natural product compound epothilone A 

(1). . 

Figure 3 illustrates the synthesis of 3 building block substrates wherein A) represents the 
synthesis of aldehyde 7 with reagents and conditions as follows: (a) 1 .05 equivalents of 
NaHMDS, 2.0 equivalents of n-C,H«l. 3.0 equivalents HMPA. -78 to 25 *C . 5 hours; (b)l .1 
equivalents of LIAIH4. THF, -78 "C. 15 minutes, 60% (2 steps); (c) 1 .5 equivalents of NMO. 
5 mol % of TPAP. Methylene chloride. 4 A k4S. 25 **C. 0.5 hour, 95%. NaHMDS « sodium 
bis(thmethyisilyl)amide; IHMPA • haxamethyiphosphoramide. NMO » 4-methylmorpholine-A^ 
oxide; TPAP ° tetrapropyl ammonium perruthenate; B) represents the synthesis of alcohols 
18a and 18b. Reagents and conditions: (a) 1.3 equivalents of TPSQ. 2.0 equivalents of 
imidazole. OMR, 0 to 25 1 .5 hours (90% of 17a, 94% of 17b); (b) 1 .25 equivalents of 
tetravinyltin. 5.0 equivalents of nSiAi, THF. -78 '*C, 45 minutes, then 2.5 equivaients of 
CuCN in THF, -78 to -30 °C; than 17a or 17b in THF. -30 ^, 1 hour, 18a (86%). 18b 
(83%) (TPS » SiPhjtBu): C) raprasenta the synthesis of ketoacid 21 . Reagents and 
conditions: (a) 1 .2 equivaianta of 19. 1.6 equivalents of NaH. THF. 0 ^ 25 C. 1 hour. 99%: 
(b) CF3C00H:Methylana chlerWa (1:1). 25 C. 0.5 hour. 99%. 

Figure 4 illustrates the synthesis of the epothilone cyclic framework via olefin metathesis: 
the 155 series. Reagents and conditions: (a) 1.2 equivalents of EDO. 0.1 equivalent of 4- 
□MAP. Methylene chksrtde. 0 ♦ 25 °C. 12 hours. 86%: (b) 21. 1 .2 equivalents of LOA, -78 
C * -40 'C. THF. 45 minutes; then 1 .6 equivalents of 7 in THF. -.78 ♦ -40 •C, 0.5 h, 23 
(42%). 24 (33%); (c) 0.1 equivalent of Rua2(«CHPh)(PCy3)2. methylene chloride. 25 "C. 
1 2 hours. 25 (85%). 28 (79%); (d) ZO equivaianta of TBAF. 5.0 equivalents of AcOH. 25 "C, 
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36 hours, 27 (92%). 28 (95%). OCC s dicyclohexylcarbodiimide, 4-OMAP s 4Ktim6thylamj- 
nopyridinet LOA « lithium diisopropylamide. 

Figure 5 illustrates the synthesis of the epothilone cyclic framework via olefin metathesis: 
the 1 SR series. Reagents and conditions: (a) 1 .4 equivalents of DCC, 1 A equivalents of 4- 
OMAP, toluene. 25 ^C, 12 hours. 95%; (b) 21. 1.2 equivalents of LOA, -78 ^ ^ 'C. 
THF. 45 minutes; then 1 .6 equivalents of 7 in THF, -78 * -40 ^C, 0.5 hour, 29 (54%). 30 

« 

(24%); (c) 0.1 equivaiant of RuCl2(BCHPh)(PCy3)2. msthyiene chloride, 25 ^C. 12 hours. 
31 (80%). 32 (81%). 

Figure 6 illustrates the metathesis approach and epoxidation in the presence of thiazole: 
synthesis of epothilone analogs 39-44. Metathesis and epoxidation in the presence of 
thiazole: synthesis of epothilone analogs 39^. Reagents and conditions: {a^ 21. 2.3 
equivalents of LOA, •TS ^ -30 "C. THF. 1 .5 hours; then 1 .8 equivaients of 7 in THF. -78 
^ -40 "C, 1 h (33:34. 2:3); (b) ea 2.0 equivalents of 8, ca 1 .2 equivalents of EOC, ca 0.1 
equivalent of 4-OMAP. methylene chloride. 0 25 "C. 12 hours, 35 (29%), 8 (44%) (2 
steps); (c) 0.1 equivalent of RuCl2(«CHPh)(PCy3)2. methylene chloride, 25 'C, 12 hours. 7 
(86%), 38 (66%); (d) 0.9-1 .2 equivalents of mCPBA, CHCI3, -20 ^ 0 12 hours, 37 
39 (or 40) (40%). 40 (or 39) (25%), 41 (18%); 38 •» 42 (or 43) (22%). 43 (or 42) (11%), 44 
(7%); (e) excess of CF3COCH3, 8.0 equivalents of NaHC03 . 5.0 equivaients of Oxone®. 
CH3CN/Na2EDTA (2:1). 0 37 39 (or 40) (45%), 40 (or 39) (28%); 38 - 42 (or 43) 
(60%), 43 (or 42) (1 5%). /nCPBA • mefKhioroperbenzoic add. 

> 

Figure 7 illustrates the coupling of bulMng blocks 8-8. Reagents and cmditions: (a) 8, 2.J 
equivalents of LOA, -78 ^ -30*C. THF, 1 .5 hours; then 1 .6 equivalents of 7 in THF, -78 ^ 
-40*C. 1 hour (48:48. 3:2); (b) ca 2.0 equivalents of 8, ca 1 .2 equivalents of EOC, ca 0.1 
equivalent of 4-OMAP. methylene chloride. 0 •» 25*0, 1 2 hours. 4 (52%), 47 (31 %) (2 
steps). 

Figure 8 illustrates the epoxidation of epothilone frameworic total synthesis of epothilone A 
(1) and analogs 81-87. Epoxidation of epothilone framework: total synthesis of epothilone 
A (1) and analogs 51-87. (a) 0.1 equivalent of RuCl2(»CHPh)(PCy3)2. methylene chloride, 
25'C, 20 hours. 3 (46%), 48 (39%); (b) 20% CF3COOH in methylene chloride, 0 'C, 3 h. 3 
-> 49 (90%); 48 50 (92%); (c) 0.8-1 .2 equivalents of ffCPBA. CHCJ3. -20 0 'C, 12 
h. 49 -M (35%). 51 (13%), 52 (or S3) (9% ), 53 (or 52) (7%), 54 (or 58) (5%). 58 (or 54) 
(5%); 1 54 (or 55) (35%%), 58 (or 54) (33%), 57 (6%); (d) 1.3-2.0 equivalents of mCPBA, 
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CHCI3, -20 0 °C, 12 hours. 1 (15%). 51 (10%). 52 (or 53) (10% ). 53 (or 52) (8%). 54 (or 
55) (8%). 55 (or 54) (7%). 56 (5%). 57 (5%); (e) 1 .0 equivaient of dimethyldioxirane. 
CH2Cl2/acetone, 0 C. 1 (50%). 51 (15%), 52 (or 53) (5%). 53 (or 52) (5%); (f) excess of 
CF3COCH3. 8.0 equivalents of NaHC03 . 5.0 equivalents of Oxonefft, CH3CN/Na2EOTA 
(2:1). OC, 1 (62%). 51 (13%). 

Figure 9 illustrates the synthesis of epothilones 58-60. Reagents and conditions: (a) 0.9*1 .3 
equivalents of mCPBA, CHQ3. -20 to 0 °C. 12 hours. 58 (or 59) (5%). 59 (or 56) (5%). 60 
(60%); (b) 1 .0 equivalent of dimethyldioxirane, methylene chloride/acetone, 0 "C. 56 (or 59) 
(1 0%).' 59 (or 56) (10%). 60 (40%); (c) excess of CF3COCH3. 8.0 equivalents of NaHCOs . 
5.0 equivalents of Oxone<». MeCN/NasEOTA (2:1). 0 C. 56 (or 59) (45%). 59 (or 56) (35%). 

• ■ 

Figure 1 0 illustrates the synthesis of epothilones 64^. (a) 20% CF3COOH in methylene 
chloride, 0 'C, 3 h, 90%; (b) 0.1 equivalent of Rua2('^HPh)(PCy3)2. methylene chloride. 
25 *C. 20 h, 62 (20%). 63 (69%); {c\ 0.8-1^ equivalents of mCPBA, CHCI3. -20 ^ '0 C. 12 
hours. 62 •» 64 (or 69) (25%). 65 (or 64) (23%); 63 ^ 67 (or 66) (24%), 68 (or 67) (19%). 
69 (31%); (d) excess of CF3COCH3. 8.0 equivalents of NaHCOs . 5.0 equivalents of 
Oxone®. CH3CN/Na2EOTA (2:1). 0 C. 62 64 (or 68) (58%). 68 (or 64) (29%); 63 67 
(or 68) (44%). 66 (or 67) (21%). 

Figura 1 1 illustrates the molecular structures and retrosynthetic analysis of epothilones A (1) 
and B (2) using the macrolactonization approach. 

Figure 12 illustrates the synthesis of 2 building block substrates wherein A) represents the 
synthesis of keto acid 76. Reagents and conditions: (a) 1.2 equivalents of (•t-)-lpc2B(allyO. 
Et20, -ipO'C, 0.5 hour, 74% (ee >96% by Mosher ester analysis): (b) 1 .1 equivalents 
TBSOTf, 1 .2 equivalents of 2.6-lutidine. methylene chloride, 25*C. 98% ; (c) O3, methylene 
chloride. -78'C, 0.5 hour; then 1.2 equivalents Ph^jP. -78 ^ 25'C. 1 hour. 90%; (d) 3.0 
equivalents of NaQ02. 4.0 equivalents of 2-methyl-2-butene. 1 .5 equivalents of NaH2P04. 
fiuOH:H20 (5:1). 25*C. 2 hours. 93%; B) represents the synthesis of phosphonlum salt 79 
and aldehyde 82. Reagents and conditions: (a) 1 .6 equivalents of OiBAL. methylene chlo- 
ride. •78'C. 2 hours. 90%; (b) Ph3P«C(CH3)CHO, beniane. reflux. 98%; (c) 1.5 equivalents 
of (♦)-lpc2B(allyl), Et20. -100"C. O.S hour, 96% (ee >97% by Mosher ester analysis); (d) 
1 .2 equivalents TBSCI. 1 .5 equivalents of imidazole. DMF, 0 ^ 25*C, 2 hours. 99%; (e) i. 
1 .0 mol % OSO4. 1 .1 equivalents of 4-fnethylmorpholine N-caadB (NMO), THF:fiuOH:H20 
(1 : 1 : 0.1), 0 •» 25«C. 12 hours, 98%; II. 1.3 equivalents of Pb(0Ac)4, EtOAc 0*C, 0.5 h. 
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98%; (f) 2.5 equivalents of NaBH4. MeOH, O'C. 1 S minutes. 96%; (g) 1 .5 equivalents of h, 
3.0 equivalents of imidazole, 1 .5 equivalents of Ph3P, Et20:MeCN (3:1). 0"C. 0.5 hour, 
89%; g. 1 .1 equivalents Ph^P. neat. 100*C. 2 hours, 98%. 

Figure 13 illustrates the synthesis of aldehyde 77 and ketone 78. Reagents and conditions: 
(a) 1 .1 equivalents of LOA. THF. 0*C. 8 hours: then 1 .5 equivalents of 4-iodo-1 -benzyloxy- 
butane in THF. at -100 ^ 0°C. 8 h. 92% (de >98% by NMR); (b) O3. methylene chloride. 
-78'C. 77% Of Mel. 60*C. 5 hours; then 3 N aq HCI. rvpentane. 25'C, 1 hour. 88%; (c) 3.0 
equivalents of NaBH4, MeOH. 0*C, 15 minutes. 98%; (d) 1 .5 equivalents of TBSCi, 2.0 
equivalents of EtsN, methylene chloride. 0 25''C, 1 2 hours, 95%; (e) H2. Pd(0H)2 cat, 
THF. 50 psi, 25*C. 15 minutes, 95%; 2.0 equivalents of (C0a)2. 4.0 equivalents of 
DMSO, 6.0 equivalents of EtsN, methyiena chloride. '78 ^ 0*C. 1 .5 hours. 98%; (g) 1 .5 
equivalents of MeMgBr. THF, 0*0. 15 minutes, 84%; (h) 1.5 equivalents of NMO, 0.05 
equivalent of tetra-/>propyiammonium perruthenate (TPAP), 4A MS, Methylene chloride. 
25*0. 45 min. 96%. 

Rgure 14 illustrates the total synthesis of epothiione A (1) and its 65,7/Miastereoisomers 
(111 and 112). Reagents and conditions: (a) 1 .2 equivalents of 79, 1 .2 equivalents of 
NaHMOS, THF, O'C. 15 minutes, then add 1 .0 equivalent of aldehyde 77, 0'C, 1 5 min, 77% 
(Z : £ ca. 9 : 1 ); (b) 1 .0 equivalent of CSA portionwise over 1 hour, methylene chiori* 
de:Me0H (1 : 1). 0 25*0. 0.5 hour. 86%; (c) 2.0 equivalents of SOs.pyr.. 10.0 equiva* 
ients of OMSO. 5.0 equivalents of EtsN. methylene chloride. 2S*C, 0.5 hour. 94%; (d) 3.0 
equivaltftts of LOA. THF. 0*0. 1 5 minutes: then 1 .2 equivalents of 76 in THF. -78 ^ -40*0, 
0.5 hour then 1 .0 equivalent of 74 in THF at •78*0. high yield of 103a and its 6S,7A^iaste> 
reoisomer 103b (ea. 1 : 1 ratio); (e) 3.0 equivalents of TBSOTT. 5.0 equivalents of 2,8>lutldi> 
ne, MettiyH w chioffd*. 0*0. 2 hours: (1) 2.0 equivalents of K2OO3. MeOH. 25*0, 1 5 min. 
31 % of 106 and 30% of 6S;7/Miasttreoisomer 100 from 74; (g) 6.0 equivalents of TBAF, 
THF. 29*0. 8 hoursi 78%; (h) same as g, 82%: (i) 5.0 equivalents of 2.4.8-trichlorobenzoyt- 
chloride. 6.0 equtvalant* of BqH, THF. 25*0. 1 5 minutes: then add to a solution of 10.O 
equivalents of 4-OMAP in toluene (0.002 M based on 72). 25*0, 0.5 hour. 90%: (j) same as 
/. 85%; (k) 20% OF3OOOH (by volume) in methylene chloride, 0*0, 1 hour, 92%: 0) same 
as k, 95%; (m) methyl(tnfluoromethyl)diO)drane, MeCN, 0*0. 75% (ca 5:1 ratio of diastereo- 
isomers): (n) sama as m, 87% (1 1 1 : 1 12 ca 2 : 1 ratio of diasteraoisomers, tentative stereo- 
chemisny). 
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Figure 1 5 illustrates the synthesis of compound 101 . Reagents and conditions: (a) 1 .5 equi- 
valents of I2, 3.0 equivalents of imidazole. 1 .5 equivalents of Ph^P, Et20:MeCN (3:1), 
0°C, 0.5 hour, 91%; (b) 1.1 equivalents Ph3P. neat. 100'C. 2 hours. 91%; (c) 1.2 equiva- 
lents of 114, 1 .2 equivalents of NaHMOS, THF. O'C, IS minutes: then add 1 .0 equivalent of 
aldehyde 82, O'C, 1 S minutes, 69% (Z : E ca 9 : 1 ). 

Figure 1 6 illustrates the total synthesis of epothilone B (2) and analogs. Reagents and con- 
ditions: (a) 1 .5 equivalents of 79, 1 .5 equivalents of NaHMOS, THF. O'C, 1 5 minutes, then 
. add 1 .0 equivalent of ketone 78. -20*C. 1 2 hours, 73% (Z ; £ ea 1 : 1 ); (b) 1 .0 equivalent of 
CSA portidnwise over 1 hour, .methylene chloride:MeOH (1 : 1), O'C; then 2S"C. 0.5 hour, 
97%; (c) 2.0 equivalents of S03.pyr., 10.0 equivalents of OMSO, 5.0 equivalents of EtsN, 
methylene chloride. 25'C, 0.5 hour, 95%; (d) 3.0 equivalents of LDA. THF, O'C, 15 minutes; 
then 1 .2 equivalents of 78 in THF. -78 ^ •40'C. 0.5 hour then 1 .0 equivalent of 75' in THF 
at -78'C, high yield of 117a' and its 6S,7/9^ia8tereoisomer 1 17b' (ca 1 : 1 ratio); (e) 3.0 
equivalents of TBSOTf, 5.0 equivalents of 2.6-lutidine. methylene chloride, O'C, 2 hours; (f) 
2.0 equivalents of K2CO3. MeOH. 25'C. 15 minutes. 31% of 119' and 30% of eSJR-tita- 
stereoisomer 120* from 79'; (g) 6.0 equivalents of TBAF, THF, 25'C. 8 hours. 75%; (h) 1.3 
equivalents of 2,4,6-trichlorobenzoylchloride. 2.2 equivalents of Bt^K THF, O'C, 1 houn 
th n add to a solution of 10.0 equivalents of 4-OMAP in toluene (0.002 M based on 73*). 
25'C. 12 hours, 37% of 121; and 40% of 122; (0 20% CF3COOH (by volume) in methylene 
chloride, -10 ^ O'C. 1 hour, 91%; Q) same as /. 88%; (k) dimethyldioxirane. methylene 
chloride. -50*C. 75% (2 : 124 ca 5 : 1 ratio of diastereoisomers) or 1 .5 equivalents of 
mCPBA. benzene. 3'C. 2 hours. 66% (2 : 124 ca 5 : 1 raHo of diastereoisomers) or me- 
thyl(trifluoromathyl)dioxirane. MtCN. O'C. 85% (2 : 124 ca 5 : 1 ratio of diastereoisomers); 
(I) 1 .5 equivalents /nCPBA. benzena. 3*0. 2 hours. 73% (129 : 128 ca 4 : 1 ratio of stereo- 
isomers) or methyi(trifluoromethyl)«|ioxlrBne, MeCN. O'C. 86% (128 : 126 ca 1 : 1 ratio of 
diastereoisomers). 

Figure 17 illustrates the stereoseiactivs synthesis of aldehyde 79 for epothilone B (2). Re- 
agents and conditions: (a) 1 .5 equivalents of 83. benzene, reflux. 5 hours. 95%; (b) 3.0 
equivalents of OIBAL, methylene chloride. -78*0. 2 hours, 98%; (c) 2.0 equivalents of 
PhaP. CCI4. reflux, 24 hours. 83%; (d) 2.0 equivalents of UEtaBH. THF. O'C. 1 hour. 99%; 
(e) 1 .2 equivalents of 9-BBN. THF. O'C. 2 hours, 91 %; (f) 1 .5 equivalents of I2. 3.0 equi- 
valents of imidazole. 1 .5 equivalents of Pt\^P, Et20:MeCN (3:1), O'C. 0.5 hour. 92%; (g) 
1 .5 equivalents of 90, 1 .5 equivalents of LDA, THF, O'C, 8 hours; than 1 .0 equivalent of 81 
in THF, -100 ♦ -20'C. 10 hours. 70%: (h) 2.5 equivalents of monoperoxyphthalic acid. 
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magnesium salt (MMPP). MeOH: phosphate buffer pH7 (1:1). O^C, 1 hour . 80%; (i) 2.0 
equivalerrts OiBAU toluene, •78''C, 1 hour, 82%. 

Rgure 18 illustrates the first stereoselective total synthesis of epothilone B (2). Reagents 
and conditions: (a) 3.0 equivalents of LOA, THF. O^C. 1 5 minutes; then 1 .2 equivalents of 
76 in THF, -78 * -40*C. 0.5 hour, then 1 .0 equivalent of 75 in THF at •78*C, high yield of 
1 17a and 6S,7fkiiastereoisomer 117b (ca 1 .3 : 1 .0 ratio of diastereoisomers): (b) 3.0 equi* 
valents of TBSOTf, 5.0 equivalents of 2,6-iutidine, methylene chloride, 0*C, 2 hours; (c) 2.0 
equivalents of K2CO3, MeOH, 25''C, 1 5 minutes, 32% of 1 19 and 28% of 6S,7/?-diastereo- 
isomer 119 from 78; (d) 6.0 equivalents of TBAF, THF, 25''C, 8 hours, 73%; (e) same as d, 
71%; (f) 5.0 equivalents of 2,4.6-trichlorobenzoylchlorider 6.0 equivalents of EtaN, THF. 
25''C, 15 minutes, then add to a solution of 10.0 equivalents of of 4-DMAP in toluene (0.002 
M based on 73), 2S*C, 12 hours, 77%; (g) same as f, 76%; (h) 20% CFsCCXSH (by volume) 
in methylene chloride, 0*C, 1 hour, 91%; (i) see Figure 16. 

Figure 1 9 illustrates the second stereoselective synthesis of epothilone B (2). Reagents 
and conditions: (a) 1 .2 equivalents of LOA, THF, 0*C, 1 5 minutes; then 1 .2 equivalents of 
136 in THF, -78 ^ -40^0, 1 hour, then 1 .0 equivalent of 76 in THF at -78*C, 85% of 137 
and 6S,7/^diastereoieomef 138 (ca 3 : 1 ratio); (b) 1 .2 equivalents of TBSOTf, 2.0 equi* 
valents of 2,6-tutidine, methylene chloride, O^C, 2 hours, 96%; (c) 1.0 equivalent of CSA 
portionwise over 1 hour, methylene chlorideiMeOH (1 : 1), 0 25*0, 0.5 hour, 85%; (c) 2.0 
equivalents of (COC02t 4.0 equivalents of DMSO, 6.0 equivalents of EtsN. methylene 
chloride, -78 ^ 0*0* 1 .5 hours* 95%; (d) 3.0 equivalents of Naa02. 4.0 equivalents of 2- 
methyt-2-butene, 1.5 equivalents of NaH2P04» Su0H:H20 (5:1), 25 ''C. 2 hours, 90%. 

Figura 20 UluttratM tht ratroaynmetic analysis of epothiiona A (1) by a solid phasa olefin 
matathasia atratagy wharain TBS * f-BuMa2Si: fillad drda * polystyrana. 

Rgura 21 illuatrataa tha aoiid phasa synthasis of apothilona a wharain: (a) 1 .4-butanadioi 
(5.0 aq.). NaH (5.0 aq.). ff'au4Ni (0.1 aq.). OMF. 25 C. 12 hours; (b) Ph^P (4.0 aq.). I2 
(4;0 aq.). Imidama (4.0 aq.). malhylana ehlonda. 25 C. 3 houra; (c) Ph^P (10 aq.). 90 C. 
1 2 houra (>90 % fbr 3 stapa basad on mass gain of polymar); (d) I^MOS (3.0 aq.). 
. THF:0MSO (1 :1). 25 C, 12 hours; (a) 14f (2.0 aq.). THF. 0 C, 3 hours (>70% basad on 
aldahyda raoovarad from ozonolysis): (f) 10% HF*pyridina in THF. 25 C. 12 hours; (g) 
(COCO2 0 DMSO (8.0 aq.). EX^H (12.5 aq.). -78 25*C(ca. 95% for 2 steps)*: (h) 
144 (2.0 aq.). LOA (2.2 aq). THF. -78 -40 C, 1 hour, than add rasuWng enolate to the resin 
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suspended in a ZnCt2 (2-0 eq.) solution in THF, -78 ^ -40 ^C. 2.0 hours (ca. 90%)*; 0) 143 
(5.0 eq.). DCC (5.0 eq). 4-DMAP (5.0 eq.). 25 C. 15h (80% yield as determined by recove- 
red heterocycle fragments ot)tained t)y treatment with NaOMe); Q) 153 (0.75 eq.), methyle- 
ne chloride. 25 C. 48 hours (52%; 154:198:156:141 » ca. 3:3:1:3); (k) 20% TFA in methy- 
lene chloride (v^). 92% for 157 and 90% for 188; (I) 180 [methyl(trifluoromethyl)dioxirane]. 
MeCN, 0 ''C. 2 hours (70 % for 1 . 45 % for 159; in addition to these products, the corres- 
ponding a-epoxides were also otitained). NaHMOS « sodium bis(thmethyisiiyi)amide; 
DMSO = dimethyl sulfoxide: LOA = lithium diisopropytamide; TBS » ^BuMe2Si; 4*0MAP » 
4-dimethylaminopyridine. * Estimated yield. The reaction was monitored by infrared (IR) 
analysis of polymer-bound material and by TLC analysis of the products obtained by 
ozonolysis. 

Figure 22 illustrates activity of epothilor>es on tubulin assembly. Reaction mixtures contain 
ned purified tubulin at 1 .0 mg/mi, 0.4 M monosodium glutamate. 5% dimethyl sulfoxide, and 
varying drug concentrations. Each compound was evaluated in three diffrerent experiments 
and average values are shown. Samples were incubated, centrifuged, and processed at 
room temperature (dark drde a 71 . EC50 = 3.3 1 0.2 |iM; dark triangle = 2, EC50 ■ 4.0 ± 
0.1 ^M; open circle = 1. EC50 « 14 1 0.4 |iM; open square s taxol, EC50 » IS. 1 2 mM; open 
triangle » 129. EC50 « 22 1 .0.9 \M', dark square s ise, EC50 » 25 ± 1 mM; open upside 
down triangle a 123, EC50 « 39 1 2 mM. The EC50 is defined as the drug ooncemration that 
causes 50% of the tubulin to assemble into polymer. In ttie absence of drug, less than 5% 
of the tubulin was removed by centrifugation, while with high concentrations of the most 
active dnjgs. over 95% of ttie protein formed polymer. This suggests ttiat at least 90% of 
tiie tubulin had ttie potential to Interact witti epottiilones and taxoids. Although ttie EC50 
value obtained for Taxol was higher ttian ttiat obtained in an alternate assay as described in 
Hofle et al. Angew. Chem. InL Ed EnglM, 1567-1569 (1996). ttie agenfs role in ttiese 
experirnents was only as a control. 

Figure 23 provkles a table of results from cytotoxicity experiments witti 1 A9. 1 A9PTX10 (B- 
tubulin mutant). 1A9PTX22 (B-tubulin mutant) and A2780AO cell lines showing relative acti- 
vities of epottiilones A (1) and B (2) as compared witti synttietic analogues 71. 188, 123 and 
125 as inducers of tubulin assembly and inhibitors of human ovarian carcinoma ceil growth, 
(a) See Figure 22; (b) The growtti of all eeUs lines was evaluated by quantitation of ttie pro- 
tein in microtiter plates. The parental ce« line 1 A9. a done of ttie A2780 cell lin .was used 
to select two Taxol-resistant sublines (1 A9PTX10 and 1A9PTX22). These sublines were 
selected by growtti in ttie presence of Taxol and verapamil, a P-glycoprotein modulator. 
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Two distinct point mutations in the B-tubulin isotype M40 gen were identified. In 1A9PTX10 
amino acid residue 270 was changed from Phe (TTT) to Val (GTT), and in 1A9PTX22 resi- 
due 364 was changed from Ala (GCA) to Thr (ACA). The A2780AO line is a multidnjg resis- 
tant (MDR) line expressing high levels of P-glycoprotain. Relative resistance refers to the 
ratio of the IC5Q value obtained with a resistant ceil line to that obtained with the parental 
cell line. 

Figure 24 illustrates the stnjcture and numbering of epothilone A (1) and epoxalone A (2). 

Rgure 25 illustrates the coupling of building biodcs and construction of precursors 164 and 
168. Reagents and conditions: (a) 2.4 equivalents of LOA. -40 'C. THF. 1 .5 hours, then 7 
in THF, -40 'C. 0.5 hour; 94% (48:46 ca 5:3); (b) 1 .2 equivalents of (♦)-lpc2B(allyl), BI2O. - 
100 *C. 0.5 hour. 91%; (c) 2.0 equivalents of 163. 1.5 equivalents of OCC. 1.5 equivalents 
of 4-OMAP. toluen«. 28 *C. 12 hours. 49%(164) plus 33%(168) for two steps. TBS » ferf 
butytdimethylsiiyi; ipC2B(allyl) = dHsopinocampheylalIyi borane; LOA a lithium diisopropyt- 
amide; OCC > dieydohexyicarbodiimide; 4-OMAP a 4-dim^yiaf]ninopyridine. 

Rgure 26 illustrates the olefin metathesis of precursor 164 and synthesis of epoxalones 
161, 171, 170 and 172. Reagents and conditions: (a) 20 mol % of Rua2(«CHPh)(PCy3)2 
cat. CH2a2. 25 'C. 20 hours. 40% (166) plus 29% (167): (b) 20% TFA in CH2a2. 25 'C. 2 
h, 89% (168). 95% (160): (c) CH3CN/Na2EOTA (2:1). 10.0 equivalents of Cf^COCH^, 8.0 
equivalents of NaHCQa. equivalents of Oxone<B. 0 C. 34% (161) plus 15% (170). 25% 
(171) plus 20% (172). TFA ■ trifluoroacetic add. The tentative stereochemical assignments 
of epoxides 161, 171, 168, 169, 170 and 172 were based on the higher potendes at 161 
and 171 in the tubulin poiyfnarization assay as compared to those of 170 and 172 respec- 
tiveiy (SM Rguro 28). 

* • ■ 

Rgure 27 iUuatratM th* olefin metathesis of C6-7 diastereomeric precursor 168 and syn- 
thesis of epoxalones 178-180. Reagents and conditions, (a) 20 mol % of 
RuQ2(»CHPh)(PCy3)2 cat. CH2Q2. 25 C. 20 hours. 25% (173) plus 63% (174); (b) 20% 
TFA in CH2a2. 25 C. 2 hours. 75% (178). 72% (176); (c) CH3CN/Na2EOTA (2:1). 10.0 
equivalents of CFaCOCHs, 8.0 equivalents of NaHCOs . 3.0 equivalents of Oxone®, 0 'C, 
36% (177) plus 17% (178). 22% (179) piua13% (180). 

Rgure 28 illustrates the effect of epoxalones. epothiiones and Taxd on tubulin polymeriza- 
tion. The Ritration-Colorimetric Assay was used for epothiiones A and B except for the 
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30 ''C incubation temperature Onstead of 37 C) and the pure tubulin (instead of microtubule 
protein). After initial screening of all epoxalones (161, 168, 169, 170, 171, 172, 175, 176, 
177, 178, 179, and 180) at 20 mM concentrations, the most potent ones (161, 168, 169, 
171 and 172) were tested together with epothilones A (1) and B and Taxol at 01 . 1 .0, 2.0, 
3.0. 4.0 and 5.0 mM. B s epothilone B; T » Taxol. 

Figure 29 illustrates the synthesis of epothilone analogs 192, 193, 194 and 195. 

Figure 30 illustrates the synthesis of epothilone analogs 199, 200, 201, 202, 203, 204, 205, 
206, 207, 208, 209, and 210. 

Figure 31 illustrates the synthesis of phosphonium analog 220. 

* • 

Rgure 32 illustrates the synthesis of epothilone advanced intermediate macrolides 229 and 
230. 

« 

Figure 33 illustrates the synthesis of epothilone analogs 233, 234, 23B, and 236. 

Figure 34 illustrates the synthesis of advanced intermediate nitrite 244. 

Figure 35 illustrates the synthesis of epothilone analog 249. 

Figure 36 illustrates the synthesis of epothilone analog 229. 

Figure 37 illustrates the synthesis of advanced intermediate aldehyde 287. 

Figure 38 illustrates the synthesis of epothilone analog 263. 

Figure 39 illustrates the synthesis of epothilone analog 266. 

Figure 40 illustrates the retrosynthetic analysis of 4,4-ethano epotNtone A analog 267. 

Figure 41 illustrates the synthesis of ketoacid 272. Reagents and conditions: (a) 1 .3 equiv 
of BrCHaCHaBr. 3.0 equiv of KaCO* DMF. 25 C, 15 h. 60%; (b) 2.0 equiv of UAIH4. EljO. - 
20 to "0 C. 2.5 h. 93%; (0) 4.0 equiv of OMSO. 3.0 equiv of (C0CI)2, 8.0 equiv of EtjN. 
CHaOa. -78 to "0 C. 64%; (d) 1 .1 equiv of (♦)-lpc2B(allyl). £1,0. -100 "C: (0) 3.8 equiv of 
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TBSOTf, 4.8 equiv of 2.6-lutidine, CHjClj, -78 'C; (f) 4.1 equiv of Nal04. 0.05 equiv of 
RuCl3*H,0. MeCN:H20:CCU (2:3:2). 25 C. 43% for 3 steps. DMSO » dimethyl sulfoxide: 
TBS s tert-butyidimethytsilyl; (•(•)-lpc2B(allyi) » diisopinocampheylallyl borane. 



Figure 42 illustrates the coupling of building blocks and construction of advanced intermedi- 
ates 269 and 278. Reagents and conditions: (a) 2.4 equiv of LOA, -30 "C. THF. 2 h. then 
7 in THF, -30 ''C. 0.5 h, (29:36 ca. 2:3): (c) 2.5 equiv of 30. 1 .2 equiv of EOC. 0.1 equiv of 
4-0MAP,CHaCl2. 0/E25 "C. 2 h. 15% (269) plus 36% (278) for two steps. TBS = teit-butyl- 
dimethylsilyi; LOA s lithium diisopnjpylamide: EDO = 1 •Ethy(-(3-dimethylaminopropyl)-3-car- 
bodiimide hydrochloride; 4-OMAP = 4-dimethylaminopyridlne. 

Figure 43 illustrates an olefin metathesis of diene 269 and synthesis of 4,4-ethano epolhi- 
lone A analogs and 282*284. Reagents and condWens: (a) 1 0 moi % of 
RuCla(»CHPh)(PCy,)a. CHaCfe, 25 C. 2 h. 37% (268) plus 35% (279): (b) 25% HF-Py in 
THF. 0 to 25 'C, 28 h. 65% (280). 62% (281): (c) CHaCla:CHsCN:NaaEDTA (1:2:1.5). SO 
equiv of CFaCOCHs. 1 1 equiv of NaHCOs. 7.0 equiv of Oxonett. 0 "C, 50% (267 or 282) 
plus 29% (282 or 267): 1 1% (283 or 284) plus 31% (284 or 283). 

Figure 44 illustrates the olefin metathesis of C6rC7 diastereomeric diene 278 and synthesis 
of 4,4-ethano epothilone A analogs 289-292. Reagents and conditions: (a)9mol%of 
RuCla(«CHPh)(PCy,)» CH^ 25 C. 1 h. 18% (285) plus 58% (286): (b) 25% HF«Py In 
THF. 0 to 25 'C. 22 h. 54% (287)» 76% (288): (c) CH,Cla:CH,CN:NaaEDTA (4:4:1 ). 50 equiv 
of CFjCOCHa. 1 6 equiv of NaHCOs. 1 0 equiv of Oxone«. 0 'C. 39% (289 or 290) plus 35% 
(290 or 289): 22% (291 or 292) plus 27% (292 or 291). 

Rgure 45 iRustratM the molecular structure and retr o synthet te analysis of the 4.4-ethano 
analog of epothilon* B (2B7). R1 • TBS » SiSuMe2. 

Rgure 46 lUustratM the synthesis of ketone 294. Reagents and conditions: (a) O3. CH2a2. 
.78 'C. 0.5 h: then 1 .2 equiv. Ph,P. -78 ♦ 28 'C. 1 h. 90%: (b) 1 .1 equiv. of UAI(C5tBu),H. 
THF. -78 ♦ 0 'C. 15 min; (c) 2.0 equiv. of TBSO. 3.0 equiv. of Eijf*, 0.02 equiv. of 4- 
DMAP. CH|CI». 0 ♦ 25 'C, 1 2 h. 83% for 2 steps. 

Rgure 47 illustrates the total synthesis of 4.4.ethano analoga of epothilone B. Reagents 
and condlttons: (a) 1 .5 equiv. df LOA. THF. 0 1 5 min; then 1 .4 equiv. of 294 In THF. -78 
-60 'C. 1 h; then 1 .0 equiv. of 75 in THF at -78 'C. 24% of 297 and 47% of its 6S.7fl<lia. 
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stereoisomer 298 (ca 1 : 2 ratio): (b) 1 .2 equiv. of TBSOTf. 2.0 equiv. of 2,6-lutidine, CHaCla. 
0 'C, 2 h, 92%; (c) 1 .0 equiv. of CSA portionwise. CH2Ct2:MeOH (1 : 1). 0 25 'C. 0.5 h. 
74%: (d) same as b, 89%: (e) same as c 60%; 2.0 equiv. of (COCOa. 4.0 equiv. of 
DMSO, 6.0 equiv. of EtsN, CH2CI2. -78 0 'C. 1 .0 h, 96%; (g) same as f. 69%; (h) 6.0 
equiv. of NaClOa, 10.0 equiv. of 2-methyl*2>butene, 3.0 equiv. of NaH2P04. SuOHrHaO 
(5:1). 25 'C, 0.5 h, 91%; (i) 6.0 equiv. of TBAF. THF. 25 *C, 8 h. 62%; 0*) same as h, 99%; 
(K) same as /. 50%: (I) 1 -1 equiv. of 2.4,6-trichlorobenzoytchloride, 2.2 equiv. of EtsN. THF, 0 
"C, 1 h: then add to a solution of 2.0 equiv. of 4-DMAP in toluene (0.002 M based on 293). 
25 'C, 3 h. 70%; (m) same as /, 72%; (n) 20% HF'pyr (by volume) in THF. 0 ♦ 25 *C. 24 h, 
92%; (o) same as n, 90%; (p) methyl(trifiuoromethyl)dioxirane. MeCN. 0 *C. 86% (267 : 311 
ca 8 : 1 ratio of diastereoisomers); (q) same as p. 89% (312 : 313 ca 2 : 1 ratio of diastereo- 
isomers). 

Figure 48 illustrates ORTEP view of compound 309. 

Figure 49 illustrates the synthesis of key aldehydes 320, 321, 323 and 329. 

Figure 50 illustrates the solid phase strategy for the synthesis of epothilone analogs with 
key intermediates 330, 331 and 332 and employing the metathesis approach. 

Figure 51 illustrates the retrosynthetic analysis and strategy for the total synthesis of epothi- 
lone E and sMe chain epothilone analogs. Aro m aromatic moiety. 

Figure 52 illustrates the synthesis of epothilone analogs via the Stille coupling reaction. 

Figure 53 illustratM the synthMit Ot recommended stannanes for the synthesis of epothi* 
lone analogs via tha StWe coupling reaction. 

Figure 54 shows a tabia of achieved compounds using the noted stannanes. Compound 
356 and 387 are stereoisomers of each other wherein 358 is the cis olefin and 357 repre- 
sents the trans olefin analog with indicated yiekj. 

Figure 55 shows a table of achieved compounds using the noted stannanes. Compound 
356 and 387 are stereoisomers of each other wherein 356 is the cis olefin and 387 repre- 
sents the trans olefin analog with indicated yield. 
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Rgure 56 illustrates the synthesis of epothilone E. Reagents and conditions: U) 33 equiv 
of HaOa. 60 equiv of CHsCN. 9.0 equiv of KHCO3. MeOH. 25 C. 4 h. 65% (based on 50% 
conversion). 

Rgure 57 illustrates the synthesis of 26-hydroxycompounds. Reagents and conditions: (a) 
1 .3 equiv. of ACaO. 1 .0 equiv. of 4-DMAP. EtOAe. 0 'C. 0.5 h, 95%: then 25% HF*pyr. (t}y 
volume) in THF. 0 ^ 25 'C. 24 h. 92%: (b) 3.0 equiv. of pivaloyi chloride. 4.0 equiv. of EtsN. 
0.05 equiv. of 4-OMAP, CHaCla. 0 °C. 0.5 h, 93%; then desilylation as in (a), 90%; (c) 3.0 
equiv. of tienzoyt chloride. 4.0 equiv. of EtsN, 0.05 equiv. of 4-OMAP. CHaCia, 0 'C, 0.5 h. 
85%: then desilylation as in (a), 90%: (d) 5.0 equiv. of MnOa. EtaO. 25 *C. 3 h. 85%: (e) 5.0 
equiv. of NaCIOh 70 equiv. of 2-methyt-2-butene, 2.5 equiv. of NaHaP04, 6uOH:i4aO (5:1). 
0 'C, 0.5 h. 98%: (f) CH2N2. Ei20. 0 *C. 80%: (g) 4.0 equiv. of Ph3P. CCi4. 75 «C. 24 h. 

85%: then desilylation as in (a). 86%: (h) 1.1 equiv. of NaH, 20 equiv. of Mei. OIWIF. 0 "C. 1 
h. 65%: then desilylation as in (a). 89%: 0) 1 .1 equiv. of NaH, 20 equiv. of BnBr, OMR 0 4 
25 «C. 1 h. 40%: then desilylation as in (a), 87%; (j) 1 .1 equiv. of OAST. CHaOa. -78.^ 25 
'C. 1 h. 60%: then desilylation as in (a). 85%: (k) 5.0 equiv. of MnO», EtaO. 25 *C. 3 h. 
90%; then 2.0 equiv. of PhaP-t-CHsBr-, 2.0 equiv. of UHMOS. THF. 0 *C 85%: then desily- 
lation as in (a), 85%: (a") 1.1 equiv. of AcaO. 1.0 equiv. of 4-OMAP, EtOAc. 0 *C, 0.5 h. 
90%; (b*) 3.0 equiv. of pivaloyi chloride. 4.0 equiv. of EtsN, 0.05 equiv. of 4-OMAP. CHaCla. 
0 *C. 0.5 h. 90%: (C) 1.2 equiv. of benzoyl chloride. 4.0 eqtiiv. of EtaN. 0.05 equiv. of 4- 
OMAP. CHaCla. 0 *C. 0.5 h. 75%: W 1 .5 equiv. of TEMPO (0.008 M solulion in CHaQa). 1 .0 
equiv. of NaOQ (0.038 M solution in 5% aqueous NaHCOa). 0,1 equiv of KBr (0.2 M aque- 
ous solution). CHaClt. 0 *C. 0.5 h. 75%: (e") 5.0 equiv. of Naa02. 70 equiv. of 2-methyl-2* 
butene. 2.5 equiv. of NaH2P04. euOH:H20 (5:1). 0 *C. 0.5 h. 95%: (f) CHaNt. EtaO:EtOAc 
(1 : 2). 0 -C. 2 h. 90%: W 4.0 aquiv. of Ph,P, CH|CN:CCU (1 : 3). 25 '0. 1 h. 85%: (h*) 1.1 
equiv. of 1^. 20 aquiv. ol Mel. DMF. 50%: 00 1 -3 equiv. of TsQ. 2 equiv. of triethyiamine. 
0.1 equiv. of OMAP. mathyiene chloride. 0 C. lh 85%. then 3 equiv. of Nal. CH3C(0)CH3, 
25 C. lOh. 89% of lOOOr; Q*) 1.1 equiv. of OAST, methyiena chloride. -78 to 25 *Clh. 65% 
of 1000)': (10 6 aquiv. of TMSQ. 1 0 equiv. of triethyiamine. methylene chloride 0 to 25 ^C. 
lOh. 67%. than 2 equiv. of Ph^PCH^Br, 2.0 equiv. of NaHMDS, THF. 0 to 25 "C, 75%. then 
HF.pyr in pyridine. THF. 0 to 25 *C. 3h, 97% of lOOOk*; 0*) «» 55% of lOOOi': Bn » 
benryl: OAST » dIethylaminosuHUr trifluoride: LiHMDS » lithium bis(trimethylsilyl)amide: 
TEMPO « 2.2.6.6-tetramethyl-l-piperidinyloxy, free radical. 

Figure 58 illustrates synthesis of 26- halogen substituted epothilon analogs. 
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Figure 59 illustrates synthesis of 26- alkoxy substituted epothilone analogs. 

Figure 60 illustrates synthesis of 26- ester substituted epothilone analogs (top scheme) and 
26- thio ether substituted epothilone analogs (bottom scheme). 

Figure 61 illustrates synthesis of 26- amine substituted epothilone analogs. 

Figure 62 illustrates synthesis of 26- aldhehyde substituted epothilone analog 414 and 26- 
acid and ester substituted epothilone analogs 415 and 416. 

Figure 63 illustrates epothilone structure activity relationships (tubulin binding assay): A: 
35 -stereochemistry important; B: 4«4-ethano group not tolerated: C: 6R75'Stereoche- 

mistry crucial; D: 8S-stereochemistry important. 8,8-dimethyi group not tolerated; E: epoxi- 

» 

de not essential for tubulin polymerization activity, but may be important for cytotoxicity: ep> 
oxide stereochernistry may be important; R group important; both olefin geometries tolera- 
ted; F: 1 5S>8tereochemistry important; Q: bulkier group reduces activity; H: oxygen 
substitution tolerated; I: substitution important; J: heterocycle Important. 

Figure 64 shows a table of achieved compounds using both metathesis and esterification 
procedures witti noted % tubulin polymerization accomplished via each analog. 

Figure 65 shows a table of achieved compounds using both metathesis and esterification 
procedures with noted % tubulin polymerization accomplished via each analog. 

Rgure 66 is as shown and noted as foltowt: [a] From Figures 64^ [b] Assay perfomned 
as described vida supra: reaction mbctures contained 10 mM purified tubulin, 0.7 M mono> 
sodium glutamata. 5% 0M80 and dnig; incubation was for 20 min at room temperature 
and reaction mixturM mf cenlrifuged at 14,000 rpm; supernatant protein concentiation 
was measured and the ECso value is defined as ttie drug concentration resulting in a 50% 
reduction in supernatant protein relative to control values; each ECSO value shown is an 
average obtained in 2^ independent assays, witt) standard deviations wittiin 20% of ttie 
average, [c] Cell growth was evaluated by measurement of increase in cellular protein, [d] 
The parental ovarian cell line, derived as a clone of line A2780, was used to generate 
Taxol-resistant cell lines by incubating the cells wittt increasing concentrations of Taxol witti 
verapamil; ttie cells were grown in ttie presence of drug for 96 h; values shown in ttie 
Figure were single determinations, except for ttiose of Taxol. 1 and 2 (average of 6 determl- 
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nations each); the values for i and 2 are averages of data obtained with both synthetic and 
natural samples (generously provided to E.H. by Merck Research Laboratories), which did 
not differ significantly, [e] The MCF7 cells were obtained from the National Cancer Institute 
drug screening program; ceils were grown in the presence of drug for 48 h; each value 
represents an average of two determinations. [1\ Relative resistance is defined as the IC50 
value obtained for the -tubulin mutant line divided by that obtained for the parental cell line. 

Figure 67 illustrates the structures and numbering of [n]-epothilones A, where n s 1 - 5. 

Figure 68 illustrates this synthesis of aldehydes 1018 and 1018. Reagents and conditions: 
(a) 2.0 equiv. of PhsP^CHs.Br*. 1 .98 equiv of NaHMOS. THF, 0 *C. 1 5 min; then 1 .0 equiv 
of 1 008 in THF. 0 *C, 0.S h, 95%; (b) 1 .5 equiv. of 9-BBN 0.9 M. THF. 25 *C. 3 h; then 8 
equiv. of 3 N NaOH and 6.0 equiv of 30% H2O2. 0 *C. 1 h. 85%: (c) 2.0 equiv of (C0Q)2. 
4.0 equiv of DMSO. 6.0 equiv of Et^K CH^z* '^^ to 0 °C. 1 .5 h. 98%; (d) 1 .2 equiv of 
1010. 1 .2 equiv of NaHMOS. THF. 0 'C. 15 min; then add 1 .0 equiv of aldehyde 1008 or 
1007. 0 'C. 15 min. 77% (Z; Eca. 9 : 1) for 1011 or 83% (Z; Ecu 9 : 1) for 1012; (e) 1.0 
equiv of CSA added portionwiso over 1 h. CH2Ci2:M^H (1 : 1), 0 to 25 'C. 0.5 h. 81% for 
1013 and 61% for 1014; (f) 2.0 equiv of S03*pyr.. 10.0 equiv of OMSO, 5.0 equiv of EtsN. 
CH2CI2. 25 'C, 0.5 h. 81% tar 1018 and 84% tar 1018. NaHMOS > sodium bis(trimethyl- 
silyi)amide: 9-BBN « 9>borabicycio{3.3.1]nonane; OMSO a dlmethyisulfoxide; CSA » 10- 
camphorsutfonie add; TBS « faf^butyMmMhylsityl. 

Rgure 69 illuatralM th« synthesis of aldehydes 1033 and 1038. Reagents and conditions: 
(a) 1 .5 equiv of I2. 3.0 equiv of imidaale. 1.5 equiv of PhsP. Et20:MeCN (3 : 1). 0 *C. 0.5 
h. 95%; (b) 1 .1 equiv of Ph3P, neat. 100 'C. 2 h. 97%; (c) 1 .5 equiv of Ph^P, neat 100 'C. 
7 h, 99%; (d) 1^ equiv of 1019 or 1021. 1 .2 equiv of NaHMOS. THF, 0 *C. 15 min; then 
add 1.0 equiv of aMohydo 1022. 0 *C. 15 min. 85% (Z: £ca9 : 1) tar 1023. 79% (Z: £ca9 
: 1 ) for 1028: (0)1.0 equiv of CSA added portionwise over 1 h. CH2Ct2:MeOH (1 : l).0TO 
25 "C. 3 h. 99% (or 1024. 95% for 1027; (f) 1 .5 equiv of I2. 3.0 equiv of imidazole. 1 .5 equiv 
of Ph3P. Et20:MoCN (3:1), 0 'C, 0.5 h. 84% for 1025, 98% fOr 1028; (g)1 .5 equiv of 1029. 
1 .5 equiv of LOA, THF, 0 'C, 16 h; then 1.0 equiv of 1028 or 1028 in THF, -100 TO -20 'C. 
10 h, 60% tor 1030. or 82% fOr 1031: (h) 2.5 equiv of monoperoxyphthalie acid, magnesium 
satt (MMPP). MeOH:phosphat* buffer pH7 (1:1). 0 'C. 1 h. 99% tor 32, 96% tar 1034; (0 2.0 
equiv OIBAi^ toluene, -78 'C. 1 h. 90% fOr 1033, 81% tar 1038. LOA ■ lithium dlisopcopyl- 
amide; OIBAL « dHsobutylaiuminum hydrfde. 
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Figure 70 illustrates the synthesis of epothilone A analogs 1002*100S. Reagents and condi* 
tions: (a) 1 .2 quiv of LDA, THF, 0 'C, 1 5 min; then 1 .2 equiv of 1 036 In THF, -78 "C, 1 h: 
then 1 .0 equiv of aldehyde (1015, 1010. 1033, 1035) in THF at -78 "C, 71% for 1037 (sing- 
le diastereoisomer), 72% for 1038 emd its SS.Tff^iastereoisomer (ca. 4:1 ratio), 77% for 
1041 and its 6S,7/?-diastereoisomer (ca 6 : 1 ratio), 60% for 1042 and its 6S,7RKlia8tereo- 
isomer (ca. 5:1 ratio); (b) 1 .5 equiv of TBSOTf. 2.0 equiv of 2,6^utidine, methylene chlo- 
ride. 0 "C, 1 h. 94% for 1039. 93% for 1040. 85% for 1043. 95% for 1044; (c) 1 .0 equiv of 
CSA added portionwise over 1 h. methylene chloride:MeOH (1 : 1). 0 "C. 3 h. 77% for 1045. 
82% for 1046. 91 % for 1049. 83% for 1080; (d) 2.0 equiv of (C0CI)2. 4.0 equiv of OMSO. 
6.0 equiv of EX^N, CHaCIa, -78 to 0 'C. 1.5 h, 93% for 1047. 85% for 1048. 99% for 1051. 
95% for 1052; (e) 5.0 equiv of Naa02. 10.0 equiv of 2-methyt-2-butene. 2.5 equiv of 
NaH2P04, /BuOH:H20 (5:1). 0 'C, 1 h, 99% for 1053. 95% for 1064, 99% for 1067. 98% 
for 1066; (f) 6.0 equiv of TBAF, THF. 25 'C. 10 h. 92% for 1066. 77% for 1066. 85% for 
1059. 85% for 1060; (g) 2.5 equiv of 2.4.6-trlchlorobenzoylchloride. 5.0 equiv of EtsN. THF, 
0 to 25 'C, 1 h; then slow addition (1 mL/h) to a solution of 2.0 equiv of 4-OMAP In toluene 
(0.005 M k>ased on hydroxy add). 70 "C. 0.5^ h, 70% fori 061 , 82% for 1062, 73% for 
1065, 75% for 1066; (h) 20% HF-pyr (by volume) in THF, 25 'C, 24 h, 82% for 1063. 91% 
for 1064, 86% for 1067, 71% for 1068; 0) methyl(trllluoromethyOdioxirane, MeCN, 0 'C. 
54% for 1002 (single diastereoisomer). 35% of 1003 and 35% of 1069 (ca. 1 : 1 ratio of 
diastereoisomers). 97% for 1004 and 1070 (ca. 6 : 1 ratio of diastereoisomers). 53% of 
1005 and 26% of 1071 (c«. 2 : 1 ratio of diastereoisomers). Tf « triflate; TBAF = tetra-/v 
butylammonium fluoride: 4.DMAP ■ 4-dimethylaminopyridlne. 

« 

Figure 71 shows the tuWin binding (% tubutin polymerization in the fllration^olorimetric tu- 
bulin polymerization assay) and cytobddty properties (against the parental 1 A9. and the 
Taxol-resistant ceU lines PTX1 0 6nd PTX22) of a selected number of the synthesized epo- 

thilones. 

Figure 72 illustrates the synthesis of C12 substituted analog 1000k'. 
Figure 73 illustrates the synthesis of 0^2 substituted analog 2008. 
Figure 74 illustrates ths synth sis of C12 substitutsd analog lOOOn. 

Figure 75 illustrates the synthesis of C12 substituted analog 1001 0*); flflu« note l: see 
figures 1 -25. 
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Figure 76 illustrates the synthesis of cyclopropane eppthilone A 2012 starting from 
advanced C<i2*hyclroxy intermediate 392. 

Datailed Description of the Invention 

The invention is especially directed to epothiione analogs and methods for producing such 
analogs using solid and solution phase chemistries based on approaches used to synthe- 
size epothilonee A and B (Nicolaou et ai. Angew. Chem. Int Ed. Engl. 35t 2399*2401 
(1996): Nicolaou et al. Angew. Chem. int Ed. Engl. 36, 166-168 (1997); Nioolaou et al. 
Angew. Chem. Int Ed. Engl., 36, 525*527 (1 997)), as well as to intermediates for these 
epothilonee and their synthesis. 

m 

The following general definitions are used within the specification and can, where 
appropriate, be replaced by the more specific definitions mentioned herein: 

The prefix "lower" stands for moiety having preferably up to and induding 7. preferably up to 
and including 4. carbon atoms. "Lower aUcanoyT preferably stands for acetyl, or also for 

propionyl or butyryl. 

Where hereinafter oompounds of the formula I or intermediates are mentioned, this wording 
is intended to include both the free forms as weU as any salt, where one or more salt- 
forming groups are present 



Salts of compounds of foimuto I are especially acid addition salts, salts with basse or, 
where several 8all4ormlnfl groups sre present, can also be mixed salts or internal salts. 

Salts are espedally pharmaceuticaily acceptable salts of compounds of fbnnula I. 

Such salta are fbrmed, for example, from compounds of formula I having an acid group, for 
example a carboxy group, a sulfb group, or a phosphoryl group substituted by one or two 
hydroxy groups, and are. for example, salts thereof with suitable bases, such as non-toxic 
metal salts derived from metals of groups la, lb. Ma and lib of the Periodic Table of the 
Elements, especially suitable alkali metal salts, for example lithium, sodium or potassium 
salts, or alkaHne earth metal salts, for example magnesium or cateium salts, also Unc salts 
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or ammonium salts, as well as salts fomned with organic amines, such as unsubstituted or 
hydroxy-substituted mono-, di- or tri-alkylamines, especiaiiy mono-, di- or tri-lower aikyl- 
amines, or with quaternary ammonium compounds, for example with N-methyi-N-ethyl* 
amine, diethytamine, thethylamine, mono-, bis- or tns-(2-hydroxy-lower alkyt)amine8, such 
as mono-, bis- or tris-(2-hydroxyethyl)amine, 2-hydroxy-tert-butyiamine or tris(hydroxy- 
methyOmethylamine, N,N-di-lower alkyi-N-(hydroxy-lower alkyO-amines, such as N.N- 
dimethyl-N-(2-hydroxyethyi)*amine or tri-(2-hydroxyethyl)-amine, or N-methyl-D-glucamine. 
or quatemary ammonium salts, such as tetrabutytammonium salts. The compounds of 
formula I having a basic group, for example an amino group, can form add addition salts, 
for example with inorganic acids, for example hydrohalic adds, such as hydrochloric acid, 
sulfuric acid or phosphoric acid, or with organic carboxyiic, sulfonic, sutfb or phospho acids 
or N-substituted sulfamic adds, for example acetic add, propionic acid, glycolic add, 
succinic acid, maleic acid, hydroxymaleic add, methylmaleic add, fumaric add, malic add. 
tartaric add, gluconic add, glucaric add, glucuronic acid, citric add, t>enzoic add, dnnamic 
add, mandeiic acid, salicylic add, 4-aminosalicylic acid, 2-phenoxyben2oic acid, 2- 
acetoxybenzoic acid, embonic acid, nicotinic add or isonicotinic add, as well as with amino 
adds, for example the a-amino adds mentioned hereinbefore, espedally glutamic acid and 
aspartic acid, and with methanesulfonic acid, ethanesulfbnic acid, 2-hydroxyethanesuifbnic 
acid, ethane-1 ,2-disulfbnic add, benzeneeutfonic add. 4-methylbenzene-sulfonic add, 
naphthalene-2-suifbnic add, 2- or 3-phosphoglycerate, gl u cose-6 phosphate, N-cydohexyl- 
sulfamic acid (forming cydamates) or with other acidic organic compounds, such as 
ascorbic acid. Compounds of formula I having add and basic groups can also form intamal 
salts. 

For isolation or purMieation purposas. it is also possitjie to use pharmaceuticaily inaccept- 
able salts, for example a perehiorate or picolinate salt 

The invention especially relates to the compounds of the formula (I) as such as described 
above, or a salt thereof where a salt-forming group is present, except for the compounds ol 
fomiula I wherein 

n is 3 (or. in a preferred variant. 1 to 5): 
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Ri is hydrogen, methyl (preferably lower atkyl). acetyl (preferably lower alkanoyi) or benzoyl 
(when the group of compounds of fomiula I is represented in a more preferred version) 
thaikyi silyl or benzyl; 
Ra is methyl; 
R3 is methyl; 

R4 is hydrogen, methyl (preferably lower alkyi), acetyl (preferably lower alkanoyi) or benzoyl 
or (when the group of compounds of formula I is represented in a more preferred veralon) 
thaikyi silyl or benzyl; 
Rs is hydrogen or methyl; 
RfisOor 

R« is absent and a is a double bond; 
Rr is hydrogen; 

Rt is a radical of the formula , L q 
wherein 

R9 is a radical selected from the group consisting of hydrogen and methyl: 

and R^o ^ radical represented t)y the fbnmiia: 

S 




which, as such, are excluded ftam the scope of the present invention. This is also valid for 
any subsequent embodiments of the invention mentioning a compound failing under 
formula I. if required. 

in the fbllowino. where compounds falling under the definitions of formula (I) given above 
are present, the invention primarily deals wittt their use as described above and below; 
however, the compounds at such which are novel are also comprised. 

In the following any moieties such as Ri, Ra, Rj, R4, Ri. R* Rr. R^ Rio. Rn. Rn. «• ^> 
c. in all intermediates and all compounds falling under the definitions of fomiuia I have the 
meanings given for a compound of fonnula I. preferebly ttw preferred meaning, if not 
indicated othenwise. 

Furtttemwre, any sequence of reactions may include ttie removal of protecting groups, e.? 
of ttie protected precursor compounds to yield either epottiilone A or epotiiilone B. 
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according to procedures that are weil*known in the art; this deprotection is usually not 
mentioned, but may be present in all synthesis steps mentioned herein and at all stages. 

On« aspect of the invention is directed to an epothilone analog represented by formula II, 



wherein, in a preferred embodiment, n is one to five, more preferably 3, 
Ri is a radical selected from the group consisting of hydrogen (prefarrad). methyl or a 
protecting group, especially selected from the group consisting of tert>butyldimethylsilyl, 
trimethylsilyl, acetyl, benzoyl and teft-butoxycarbonyl. 

R4 is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
especially selected from the group consisting of tert>butytdimethylsityl, trimethylsilyl, acetyl, 
benzoyl and tert-bulpxycart)onyl, 

Rs is a radical selected from the group consisting of hydrogen, methyl, -CHO, -COOH, • 

C02Me, .C02(fer».butyl), .C02(<»0'propyl), -C02(phenyl). -C02(benzyl), -CONH(furfuryO. • 

C02(A^benzo-(2R,3S)-3i)hanyliso8erine), •C0N(methyl)2. •C0N(ethyl)2. •CONH(benzyO. 
and •CH2R1 1 ,;or in a broader aspect also from •CH-CH2 and HCSC- :whertRiii8a 

radical selected from the group conalellnfl of -OH, -0-Trltyl. -O-CCi-Ce alkyO. -0-benzyl. -O- 
allyl. -0-CCX;H3. -OCOCHja, -O-COCHjCHa. -OCOCF3. •<>COCH(CH3)2, -OCO- 
C(CH3)3. -OCO(cydopfopane).-OCO(cycloheKane). .OC0CH-CH2. -O^phenyl. •0-(2- 
furoyl), -0-(W-befi»-(2R,38)-3-phenyllso8erine). -0<innamoyl. -0-(acetyl-phenyl), -O-iZ- 
thiophenesulfbnyl). •S-(Ci-C6 -SH. -S-Phenyl. -S-Benzyl. ^furturyl. .NH2. -N3. 
.NHCOCH3, -NHC0CH2a. .NHCOCH2CH3, •NHCOCF3. .NHCOCH(CH3)2. -NHCO- 
C(CH3)3. .NHCO(cyclopfopane).-NHCO(cyclohaxane), .NHC0CH-CH2. -NHCOphenyl, 
-NH(2-furoyl). .NH.(Mbenzo-(2R.3S)-3-phenylisoserine). .NH.(cinnamoyO. -NH-Cacetyl- 
phenyO, -NH-(2.thiophenesuifbnyO. -F, -O. -I. and CH2CO2H : and. in a broader aspect, 
also from •(C<|-Ce alkyi) and methyl: 

and Rio is a radical selected from the group represented by the formulae: 




OR, 
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wrth the pfo>fl80 mat rf R. is erther methyt Of hydrogen and Rw l» 
following formula: 
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then Ri and R4 cannot simultaneously be hydrogen or methyl or acetyl. Preferred epothllone 
analogs of this aspect of the invention include a compound represented by the following 
structures, the substitutents being as defined above: 




(Ha) 




(lib) 



OR, 



OR, 



Another aspect of the invention is directed to an epothllone analog represented by the 
following structure: 




(III) 



I preferably it ona to fiva. mora preferably 3; 

jicai satadad from tha group consisting of hydrogen (prefeoed). methyl or a 
I group, espadally salactod from the group consisting of tert-butyldimethylsilyt. 
Hyl. acetyl, benzoyl and tert-butoxycarbonyl. 

dical selected from the group consisting of hydrogen, methyl or a protecting grou 
f selected from the group consisting of tert-butyldimethylsilyl. trimethylsilyl. acetyl 
md tert'buloxycarbonyl, 

dical 8 lacted from the group consisting of hydrogen, methyl. -CHO, -COOH. - 
.C02(fa/fbutyl). •C02(too.propyO. •C02(phanyO. ^02(beniyO. ^H(furfUryl). 
Miai.(2R.3S).3.ohanyli«)sarine). .CON(methy02. •C0N(ethyl)2. •CONH(banryO, 
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and •CH2R1 1 .;or in a broader aspect also from •CHsCH2 and HC=C- : where R-i 1 is a 

radical selected from the group consisting of -OH. -O-Trityl. •0-(Ci-C5 alkyi). -O-benzyl, -O- 
ailyl, -aC0CH3. -0-CCX:H2CI. -0-CCX:H2CH3. -O-COCF3. -0-COCH(CH3)2, -0-CO- 
C(CH3)3, •0-CO(cyciopropane).-OCO(cyclohexane). •0^0CHsCH2. -O-CO-phenyl, •0-(2- 
furoyi). •0*(^benzo-(2R,3S)-3-phenyliso8erine). -O^nnamoyl, -O^faeetyl-phenyl), •0*(2* 
thiophenesulfbnyl), -S-(Ci-Ce aJkyI), -SH, -S«Phenyl, -S-Benzyl. -S^furfuryt, -NH2. -N3. • 
NHCOCH3. •NHC0CH2a. •NHCOCH2CH3. -NHCOCFs. •NHCOCH(CH3)2. -NHCO- 
C(CH3)3, •NHCO(cyeiopropane).-NHCO(cydohexane). •NHCOCHSCH2, -NHCO-phenyl, • 
NH(2-furoyO. •NH-(AAbenzo-(2R.3S)-3*phenyll80serine). -NH-(clnnamoyl). -NH-iacetyl- 
phanyl), •NH-(2-thiophene8utfonyl)t -F, -CI. I. -and CH2CO2H : and. in a broader aspect, 
also from -(Ct-Ce alkyI) and methyl: preferably being -CHaF. -CHaCI, CH3OOCCH3. • 
CHaCHs or -CHaCHa where, at the same time, the double bond with the wavered line is in 
the cis form: 



and Rio is a radical selected from the group represented by the formulae: 
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\ 




N 



and (in a still broader aspect of the invention) 




\ 




N 





; and 



wherein Is acyt. especially lower alkanoyi, such as acetyl; 



with the proviso that if Rs is either methyl or hydrogen and Rie is represented by the 
following formula: 




then R, and R4 cannot simultaneously be hydrogen or methyl or acetyl. 

Another aspect of the invention is directed to an epothilone analog represented by the 
following structure: 




(IV) 



wherein R, is a radical selected from the group consisting of hydrogen (preferred), methyl or 
a protecting group, especially selected from the group consisting of tert-butyldimethylsilyl. 
trimethylsilyl. acetyl, benzoyl and tert-butoxycarbonyl. R« is a radical selected from the 
group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of teit-butyldlmrthylsilyl. trimethylsilyl. acetyl, benzoyl and teit-butoxy. 
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cart3onyl» R9 is a radical selected from the group consisting of hydrogen and methyl, Rio is a 
radical selected from the group represented by the formulae: 




wherein Rx ie acyJ. especially lower alkanoyl. such as acetyl; 

Rs is a radical saiactad from hydrogan. methylana or mathyt; Ra is hydrogan, mathylana or 
mathyl; and R* ia hydrogan or mathyt; with tha following provisoa: 
If R, is mathylana, than Rt ia mathylan . If R, and Ra ara mathy««»». than Rs and Rt ara 
chamically bondad to aach bthar through a singia twnd V. If Rs and Ri ara hydrogan or 
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methyl, then th single bond V is absent. If Rs is methyl or hydrogen and Rio is 
represented by the formula 




then Ri and R4 cannot simultaneously be hydrogen or methyl or acetyl; in the definition of 
compounds of formula IV those wherein neither R2 nor Ra are methylene and the bond "a" is 
absent being especially preferred. 

Another aspect of the invention is directed to an epothitone analog represented by the 
following structure: 




wherein R„ Ra. Rj. R*. Re. R». Rio and "•' art as defined under formula IV. 

Prefen'ed embodiments of the invention include the synthesis of compounds represented by . 
the following structures, as weU as novel compounds falling under their formulae: 

Another aspect of the invention ia directad to a macrolactonization procedure for synthe- 
sizing epothilona and apethilona analoga represented by the following stnicture: 




wherein R, is a radical selected from the group consisting of hydrogen (preferred), methyl or 
a protecting group, especially selected from the group consisting of tert-butyldimethylsilyl. 
trimethylsllyl. acetyl, benzoyl and tert-butoxycarbonyl. R4 Is a radical selected from the 



« 
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group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tert-butyidimethytsilyl, trimethylsilyi. iacetyl. benzoyl and tert-butoxy« 
carbonyl, Rs is a radical selected from the group consisting of hydrogen, methyl. -CHrOH, 
CHaCI or -CHaCOaH. or (further or alternatively to the preceding moieties) is -CHaF. - 
CH^Ha or HCSC- . and Rio is a radical selected from the group represented by the 



formulae: 




;and; 




The synthesis can be initiated by condensing a Keto add represented by the following 
formula: 

O R^O O 

with an aldehyde represented t>y the following structure: 




H 



OR,, 

wherein Ru is a protecting group, especially tert-butyldlmethylsilyl or trimethylsilyi. for 
producing a caitMxylic acid with a free hydroxyl moiety repreeented by the following 
structure: 




OR,, 
OH 



O 



OR, 

The synthesis is then conltnuad by derivatizing the free hydroxyl moiety of the abov 
carboxylic acid with a derlvatan^ agent represented by the fbnnula R«-X wherein R 
reactive reagent for introducing a protecting group, especially tert-butyldlmethylsllyl 
tert-butyldimethylsilyl trHIate. trimethylsilyi chloride, trimethylsilyi triflate. methyl sulfa 
acetic anhydride, acetic acid, acetyl chloride, benzoic add. benzoyl chloride, and 2- 
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butoxycarbonyloxyiniino)-2-phenytacetonitrile. or methyl iodide, for producing a protected or 
derivatized cartx)xylic acid represented by the following structure: 




The Rs protected hydroxyl moiety of the above derivatized carboxyiic add is then 
regioseiectively deprotected for producing a hydroxy acid with the following structure 




above hydroxy acid is then macrolactonized for producing a macroltde with the 
following structure: 




where the moieties in each of the Intermediates have the meanings given above under 
formula VI. 



The synthesis is then completed by epoxidizing the above macrolide for producing the 
epothilone or epothilone analog of the formula VI. 



The invention relates to the last two steps of this synthesis (macrolactonization and 
epoxidation. and. where protecting groups are present, removal of such protecting groups if 
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desired), but in a preferred form to the full synthesis including all steps for the synthesis of a 
compound of the formula 

A method of synthesis for epothiione B according to this sequence is especially prefened, 
characterized in that the starting materials with the corresponding substituents are used 
and, where required, any protecting group or groups is or are removed. 

A further mode of the invention is directed to a metathesis approach to synthesizing 
epothiione and epothiione analogs represented ty the following structure: 




(VII) 



wherein Ri is a radical selected from the group consisting of hydrogen (pretarred), methyl or 
a protecting group, espedaily selected from the group consisting of tert-butyidimethylsilyt. 
trimethylsilyl, acetyl, benzoyl and tert«butoxycarbonyl, R« is a radical selected from the 
group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tart-butyMimethylsilyl. trimethylsilyl. acetyl, benzoyl and tert-butoxy- 
carbonyl. and Rio is • radicai selected from the group represented by the formulae: 

8 r-Q 
ff ^ :and: 

The synthetic protocol it InWatid by condensing a keto acid represented by the following 
structure: 





0 R,0 0 



with an aldehyde represented by the following stnjcture: 
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Wherein Ru is hydrogen or (CH2)m-(soiid phase support) wherein m is a positive integer, for 
produsing a cartxdxylic add with a free hydroxy! moiety reprsented by the following formula: 




Alternative preferred solid supports include Merrifield resin, PEG-poiystyrene. hydroxy- 
m thyl polystyrene, fbrmyl polystyrene, aminomethyi polystyrene, and phenolic polystyrene. 

The above carboxytie acid is then esterifled with a secondary alcohol represented by the 

following staicture: 




OH 



for producing an ester with a free hydroxy! moiety represented by the following fonnula: 




The synthesis ie then coritlnued by derivatttng the free hydroxyl moiety of the above ester 
with a deriyatizing agent represented by the formula R«-X wherein R«-X is a reactive agent 
for introducing a prataeting group, preferably tert-butyWimethylsilyl chloride, tert-bulyldl- 
methylsilyl triflate,' trimelhylsllyl chloride, trimethylsilyl trtflate. methyl sulfate, acetic anhydri- 
de, acetic add. acetyl chloride, benzoic acid, benzoyl chloride, and 2-(teit-butoxycarbonylo- 
xyimino)-2-phenylacetonitrile. or methyl iodide, for producing a protected or derivatized 
ester represented by the following structure: 
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This ester is then metasthesized with an organo*metallic catalyst for producing a macrolide 
with the following formula: 




whert th« moietiM in each of the intermediates have the meanings given atwve under 
formula VI. 

preferred organo-metallie catalyst include bis(tricyciohexylphosphine)benzylidine ruthenium 
dichtoride and 2.e^l80propylphenylimldo neophylldenemolybdenum bi8(hexafluoro-teft- 
butoxide). 

« 

The above macroUde is then epoxidized fbr producing the epothilone analog of the formula 
VII. 

« 

The invention retates to the last two steps of this synthesis (metathesis and epoxidatloh. 
and. where protecting groups are present removal of such protecting groups If desired), bui 
in a preferred form to the full synthesis including ail steps for the synthesis of a compound 
of the formula VII. 

Another embodiment of the invention is directed to a metathesis approach to synthesiang 
an epothilone or analog represented by the following structure: 
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(VIII) 



Wherein Ria is hydrogen (preferrad) or m«thyl. or a protecting group, preferably tert- 
butytdlphenylsilyl. tert-butytdimethylsilyl. trimethylailyl. acetyl, benzoyl, tert-butoxyearbonyl, 
or a radical represented by one of the following fbnnulaa: 



and wherein R. ia hydwgan (pratontd). mtthyl or a prot««ng group, espadally tart- 
butyldimethylailyl, trimathyWIyl. acetyl, benzoyl or tait-butoxycarbonyl. 
The synthesia is initiatad by aaterifylng a kato add of the formula 




COOH 



with an alcohol of the fomuila 
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for producing an ester of the formula 




Then, this ester is condensed with an aldehydeof the fonnuia: 




for producing a bis- 



olefin of the formula: 




The synthesis is then continued by metathesiang the above bis-terminal olefin with an 
organo-metallic catalyst for producing a macrlcydic lactone with a free hydroxyl moiety of 
the formula: 




Preferred organo-melalBc catalysts include bis(tricyclohexylphosphlne)benzy«dlne 
ruthenium dichloride. and 2,6KlUsopropylphenylimido neophylldenemolybdenum 
bis(htxafluoro>t-buto>dd«). 

The free hydroxyl of the above macfocycllc lactone is then, if desired, derivatteed with a 
derivatizing agent represented t»y the tormula fVX wherein r^^X Is hydrogen or a reactive 
agent tor introducing a protecting group. preferat)ly tert-butyldimethylsilyl chloride, tert- 
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butyldimethylsityl triflatet trimethylsiiyi chloride, trimethytsilyt triflate, methyl sulfate, acetic 
anhydride, acetic acid, acetyl chloride, benzoic acid, benzoyl chloride, or 2-(tert- 
butoxycarbonyloxyimino)-2-phenylacetonitrile, or methyl iodide, for producing a protected or 
derivatized macrolide with the foiiowtng structure: 




The synthesis is then completed by epoxidizing this protected or derivatized macrolide for 
producing the epothilone analog of the formula Vlil. in ail intermadiates. the substitutants 
have the meaninga given under formula Vili. if not mentioned otherwiae. 



The invention reiatea to the last two or three steps of this synthesis (metathesis: if desired, 
introduction of a protecting group; and epoxidation. and. where protecting groupe are 
present, removal of such protecting groupa if desired), but in a preferred form to the full 
synthesis including all stepa for the synthesis of a compound of the formula Vlli. 

Another aspect of the invention is directed to a method employing a metathesis approach 
for synthesiang an epothilone or analog represented by the following structure: 




wherein R* is hydrogen (preferred), methyl or a protecting group, preferably tert- 
butyWimethylsilyl. trimethylailyt. acetyl, benzoyl or fert^butoxycarbonyl; wherein R,o i» 
the radicals of the formulae: 
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The synthesis is initiated t>y condensing a keto acid of the formula 




COOH 



with an aldehyde represented by the fonnula 



O 




for producing a cartMxylic acid with a free hydroxy! moiety of the formula 




The free hydroxy! moiety of the above carboxylic add is then derivatized with a derivatizing 
agent represented by the formula R«*X wherein R4-X is a reaedve agent for the introduction 
of a protecting group, especially tart-butyldlmethyleilyl chlorida. tert-butyldimethylsily! triflate. 
trimethylsilyl chtortd*. trimtlhyisiiyl triflate. methy! sulfate, acetic anhydride, acetic acid, 
acetyl chloride, benzotc add. ben»y! eMoride. and 2-{tert-butoxycarbony!oxyimlno)-2. 
phenylacetonlliUe. or It madly! Iodide, for produdng a protected or derl^^ 

add repraeentad by tfte IbNowing stnjcture: 



H,0 




This derivadzed carboxylic add is then reacted with an alcohol of the formula 
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for producing a bis-terminal olefin of the formula 




This bis-terminal olefin is then metathestzed with an organo*metallic catalyst 
macrocyclic lactone with the following structure: 




Preferred organo-metalUe catalysts Indude bi8(tricyclohexytpho8phine)benzyiidine 
mthenium dichloride. or 2.6-diisopropylphenyUmido neophylidenemotybdenum 
bis(h«(afluor6-t-t)utoxide). 

The synthesis is then compietad by epwddiiing the above^nsntloned macrocydic lactone 
for producing the epotNipne analog of the fbrmula IX Any substttutsnts in the intermediates 
have the meanings given under formula IX if not mentioned otherwise. 

The invention relates to the last two steps of this synthesis (metathesis and epoddalion. 
and, where protecting groups are present, removal of such protecting groups if desired), but 
in a preferred form to the full synthesis including all steps for the synthesis of a compound 
of the formula iX 

Another (especially preferred) aspect of the invention is directed to a method employing a 
macrolactoniiation approach fbr synthesliing an epothilone or analog of the fomuila: 



■ 
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(X) 



O OR, O 



wherein each of Ri and R« is. Independently of the other, hydrogen (preferred), methyl oi 
protecting group, especially (erf'butyldimethylsllyl, tffmethylsiiyl. acetyl, bennyl, or farf 
buttu(ycart)onyl; Rs is as defined under formula i. especially hydrogen, methyl, -CHrOH, 
•CHaCI, or -CHaCOaH. or most especially CHaCHa. -CHsCHa. -CHaOOCCHs or especially 
•CH<F: and RiA is one of the radicals of the formulae 




and 




The synthesis is Initiated by condensing a ketone of the formula 




wherein Rt is hydrogen or methyl or a protecting group, especially especially fert^utyldi- 
methylsilyl. trimethyWiyi, IwMutyldiphenyisilyl. triethylsilyl or benzyl: with an aldehyde of th 
formula 




H ORi« 

wherein Ri« is a protecting group, especially ferl-bulyldlmethylsiiyi or trimethylsilyl. for produ- 
cing a ^-hydroxy ketone, with a free hydroxyl moiety and a Rts protected hydioxyl moiety, of 



the formula 
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OR 



O OR, OR,, 

The free hydroxyl moiety of this ^hydroxy Icetone is then derivaiized with a derivatizing 
agent R4-X wherein R4-X is a reactive agent for the introduction of a protecting group, 
especially tert-butyldimethylsilyl chloride, tert-butyldimethylsllyl trtfiate, trimethylsilyl chloride, 
fimethylsilyl triflate, acetic anhydride, acetic add. acetyl chloride. t)enzoic add. benzoyl 
chloride, or 2-(tert-butoxycarbonyloxyimino)-2-phenylacetonltrile. or methyl iodide or methyl 
sulfate, for produdng a protected or derivatized ^-hydroxy ketone of the formula 




0 OR, OR,, 

The R,8 protected hydroxyl moiety of this protected or derivatized ^hydroxy ketone is then 
regioselectively deprotected for producing a terminal alcohol with the fbllowing structure: 




0 OR, OH 



This terminal alcohol is then oxidizad tor prqdudng a derivatized carboxylic add 
protected rrydroxyi moiety of the formula 



aR 



It 
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This compound is then deprotectsd regioselectively by removsl of the protecting group Ri« 
to yield a liydroxy acid of the formula: 




This hydroxy add is then macrolactonized to yield a macrolide of the fomiula 




O OR, O 



The synthesis is then completed by epoJddWng the above macrolide for producing the 
epothilone compound of the formula X Any substitutents in the intermedlatee have the 
meanings given under formula X if not mentioned otherwise. 

The invention relatas to the last two steps of this synthesis (macrolactonization and 
epoxidatfon. and. v»*»ere protecting groups are present removal of such protecting groups if 
desired), tjut in a preferred fbnn to the fua synthesis Including all steps for the synthesis of a 
compound of the formula X 

Preterred is this process fbr the synthesis of epothilone B. chaiacteriied in that the starting 
materials with the corresponding subsUtuenta. where roqulred, in protects 

and any protecting group or groups is or aro removed. 
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Another aspect of the invention is directed to a process for synthesizing an epothilone 
analog having an epoxide and an aromatic substitutent In the first step of this process, a 
first epothilone intermediate and an aromatic stannane are coupled by means of a Stiile 
coupling reaction to produce a second epothilone intermediate. The first epothilone inter- 
mediate has a vinyt iodide moiety to which tiie aromatic stannane is coupled for producing 
the second epothilone intermediate. Preferred embodiments of the first epothilone inter- 
mediate are represented by the following structure: 




(XI) 



O OR, 0 



In the above structure, Re is methyl or preferably hydrogen, while Ri and R4 are. each 
independentty of the other, selected from hydrogen (preferred), methyl or a protecting 
group, espedalty tert-butyldimethylsllyl. trimethylellyl, acetyl, benzoyl or tert-butoxycarbonyl. 



In a prefen^ed embodiment, the aromatic stannane is a compound represented by one of 

the following structures: 



n-Bu,Sn 





N 



0-Rx 



n-BU|S 




MSiSn 
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N ^ S 




M«,Sn 




\ 



0-Rx 



' M«,Sn 



43 

N 



; and (in a broadar aspact of tha 



invantion) 



Ma,Sn 




Ma,Sn 



N 




MauSn— ''X 
^ N 

. \ 



XX ■■ 



and 



Mttj 




wherein Rx is aeyl. espedaUy lower alkanoyl. such as acetyl. 



The second epothilone intermediete has the aromatic substitutant and a cis olefin, in a 
prefered embodiment, the second epothilone intemiediate is represented by the 
structure: 




0 OR, O 

* 

wherein Rio is a radical represented by any one of the following fonnulae: 
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« 




wherein Rx is acyl. atipeeiaHy lowar aikanoyi. such as acetyl; 

and wherein the other moieties are as defined under fonnula XI. R« preferably being 
hydrogen. 




4 
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In th« second step of this process, the cis olefin of the second epothilon intermediate is 
epoxidized to produce the epottiiione analog. In a preferred emtMdiment. the 
analog is represented by the following structure: 

fl, 




(XIII) 



OR, 0 



wherein the moieties are as defined for the first and second epothilone intermediate 
mentioned above: if desired, any protecting group(s) can then be removed. 



In a preferred mode of the above^entioned process for syntheeizing an epottiilone analog, 
there are several additional steps that arte performed prior to the StiHe coupling. The first of 
the additional steps involves ttto condensation of a kete add represented by ttie formula 




O R,0 



witti an aldehyde represented by the following structure: 




wherein Rtr is hydrogen of (CH«)«-(80ild phase support) wherein m is 
producina • carbaxyOe Mid represented by the fbiiowign structure 



a positive integer for 




O OR, OH 

Then, tills carboxyiic acid is estsrifled Witt) a secondary alcohol represerted by ttie fol^^ 
stnicture: 
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OH 

for producing an ester with a free hydroxy! moietey represented by the following formula: 




Then, there is an optional stop. The free hydroxy of the above ester may be derivatized with 
a derivatizing agent for introducing e.g. a protecting group or methyl. Preferred derivatizing 
agents include reactive agents for the introduction of protective groups, especially tert- 
butytdimethylsilyl chloride, tert-butyidlmethylsiiyi triflate. trimethylsilyl chloride, trimethylsiiyi 
trifiate. acetic anhydride, acetie acid, acetyl chloride, benzoic add. benzoyl chloride or 2- 
(tert-butoxycarbonyloxyimino)-2-phenylacetonitrile. or methyl iodide or methyl sulfate, for 
producing an optionally derivatized ester represented by the fbrmula 




Finally, the above opIionaUy derivalized ester is metathesized with an organo-^netalllc 
catalyst (as already mantlonad In other cases above) for producing the epothilone analog o 
ie formula XIH. 

Another aspect of the Invention is directed to the use of each of the above-mentioned 
metathesis approaches fbr synthesizing libraries of epothilone analogs. In this mode, a 
combinatorial approach is employed fbr synthesizing libraries of epothilone analogs hawing 
various combinations of the prefirred R group(s). 
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Further modes of the invention are directed to each of the individual steps of the synthesis 
processes mentioned hereinabove or hereinbelow. 

Especially preferred are the following groups of compounds of the formula I and the 
intermediates with the corresponding substituents: (a) compounds of the fomnula I wherein 

Rio is a moiety of the formuta ^,^0'-\^ * ^ compounds wherein Rs is CHr F or, in 

a broader aspect, -CHaCHs, -CHaOOCCHs. -CHsCHa or -CHsQ: (c) n ia one: or any 
combination of the compounds falling under (a) to (c) as far as they are not weduded; 

« 

especially the compounds of formula I mentioned in the Examples and Rgures below that 
meet one or more of the conditions (a) to (c). 

* 

Especially preferred are also compounds 265 and 266 in the Figures, as well as the new 
synthetic strategies according to Rguree 34 to 39. 

Especially preferred is also any one compound falling under the following definition: 
A compound of the formula 




whereto Hi le -CHaF, ^»<ia. -CHaOOCCHj. -CHrfSH, a 4:h*^ 

Especially important is also the process according to Rg. 17 fbr the synthesis of the end 
product mentioned therein. 

As already mentioned, the compoundt of fbrmuie I hove useful pharmacological properties. 
Especially, they can be used fbr the treatment of proirferaHv diseases, such as cancer. 
One of the many advantages is that<he compounds can also be used against proliferative 
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diseases that ar drug-resistant The pharmacological usefulness of the compounds of 
fomnuta t is especially demonstrated tiy the test systems mentioned above in the description 
of the figures; however, other test systems that are known to the man skilled in the art 
which have t)een used in the characterisation of Taxol and Epothilones A and B are 
appropriate as well. Especially, the compounds can be used for the treatment of solid 
cancers and leukemiaSi such as colon, breast lung, prostate and epithelial carcinomas. 

The present invention also relates to pharmaceutical compositions which comprise, as 
the active ingredient, one of the pharmacologically active compounds of the formula I as 
defined above or below, or a pharmaceutically acceptable salt thereof. Compositions for 
enteral, in particular oral. and especially for parenteral administration are particutarty pre- 
ferred. The compositions comprise the active ingredient by itself or, preferably, together 
with a pharmaceutically acceptable carrier. The dosage of the active ingredient depends 
on the disease to be treated and on the species, age, weight skin area and individual 
condition, as well as on tt)e mode of administralk>n. 

The pharmaceutical compositions comprise about 5% to about 95% of the active ingre^ 
dierit. single-dose administration forms preferably containing about 20% to about 90% 
and administration forms which are not single-dosed preferably containing about 5% to 
about 20% of active ingredient Dose unit fonns. such as coated tablets, tablets or 
capsules, contain about 0.01 g to about 2 g. preferably about 0.02 g to about 1 .0 g. of 
the active ingredient in partieuiar 0.02 to 0.6 g. 

The preserit invention alio relttee to the use of compounds of the formula I for the pre- 
paration of pharmaceuticai composiliont for use against a proliferative disease, for 
example for the treatment of diseases which respond to enhancers of tubulin polymeriza- 
tion, in particular of the abovementioned diseases. 



pharmaceutical compositions of the present invention are prepared in a manner 
Known per se. for example by means of conventional mixing, granulating, coating, dis- 
solving or lyophilizing processes. Thus, pharmaceutical compositions for oral use can be 
obtained by combining the active ingredient with one or more solid carriers, granulating a 
resulting mixture, if appropriate, and processing the mixture or granules. If desired, to 
tablets or coated-taWet cores, if appropriate by addition of additional exdpients. 
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Suitable carriers are, in particular, fillers, such as sugars, for example lactose, sucrose, 
mannitol or sorbitol, cellulose preparations and/or calcium phosphates, for example tri^ 
calcium phosphate or calcium hydrogen phosphate, and furthemrwre binders, such as 
starches, for example corn, wheat rice or potato starch, methyicellulose, hydroxypropyl- 
methylcellulose, sodium carboxymethylcellulose and/or poiyvinylpynxrfidone, and/or, if 
desired, disintegrants, such as the abovementioned starches, and furthermore carboxy- 
methyi starch, crossiinked polyvinylpyrrolidone, alginic acid or a salt thereof, such as 
sodium alginate. 

Additional axctpients are. in particular, flow conditioners and lubricants, for example 
siiictc acid, talc, stearic acid or salts thereof, such ais magnesium stearate or caidum 
stearate, or derivatives thereof. 

Coated*tablet cores can be provided with suitable coalings, if appropriate resistant to 
gastric juice, the substances used being, inter alia, c un uettti ale d sugar solutions, which 
contain gum arable, talc, polyvinylpyrrolidone and/or titanium dioxide if appropriate, coa> 
ting solutions in suitable organic solvents or solvent mixturse or. for the preparation of 
coatings which are resistant to gastric juice, solutions of suitable cellulose preparations, 
such as acetyicellulose phthalate or hydroxypropylmethyicellulose phlhalato. Dyes or pig- 
ments can be admixed to the tablets or coated-tablet coatings, for example for identiflca> 
tion or characterization of different active ingredient doses. 

Pharmaceuticai cempoeitiona which can be used orally are also dry-fiUed capsules of ge- 
latin and soft dosed capsules of gelatin and a softener, such as glycerol or sorbitol. The 
dry-fliled eapsuiet can oonlain the active ingredient in the form of granules, for example 
mixed Vrtlh fHlera, such aa corn starch, binders and/or lubricants such as to^ 

slum stearate. and if appropriate stabilizers. In soft capsules, the active ingredient is pre- 
ferably dissolved or suspended in suitable liquid exdplents. such as fatly oils or paraffin 
oil. it also being possible to add stabilizers. 

Further oral administration forms are. for example, symps wWch are prepared In the cus- 
tomary manner and contain the active ingredient, tor example, in suspended tenn and in 
a concentration of about 5% to 20%. preferably about 1 0%. or in a similar concentration 
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which gives a suitable single dose, for example, when 5 or 10 ml ar measured out 
Further suitable forms are also, for example, pulverulent or liquid concentrates for prepa- 
ration of shakes, for mampie in milk. Such concentrates can also be packed in single- 
dose amounts. 



Compositions which are suitable for parenteral administration are, in particular, aqueous 
solutions of an active ingredient in water-soluble form, for example a water-soluble salt, 
or aqueous injection suspensions which contain viscosity-increasing substances, for 
example sodium carboxymethylceilulose. sorbitol and/or dextran. and If appropriate stabi- 
lizers. The active ingredient can also be present here in the fbffn of a iyophilisate. if ap- 
propriate together with excipients. and can be dissolved by addition of suitable solvents 
before parenteral administration. 

■ 

Solutions such as are used, for example, for parenteral administration can also be used 
as infusion solutions. 

The invention also relates to a method (process) for the treatment of the abovementio- 
ned disease states in warm-blooded animals. i.e. mammals, and in particular humans, 
preferably those warm-bloodad animals which require such treatment The compounds 
of the formula I of the present invention or their pharmaceutical saltan if satt-fbnning 
groups are present, are adminiitered for this purpose tor prophylaxis or treatment, and 
are preferably used in the term of pharmacautJcal compositions, for example in an 

amount which is suitable for enhancing tubulin polymeriiation and is active prophylac- 
tically or especially ttwaptuttcally against one of the diseases mentioned which respond 
to such treatment, fbr axamplt tumours. For a body weight of about 70 kg. a daily dose 
of about 0.1 g to about 15 g,pf«firably about 0.2 g to about 5 g. more preferably of 

about 0.5 to 3 g. of a eompound of tha formula i is administered here. 



The pharmaceutical compositioni are preferably those which are suitable tar administra- 
tion to a warm-blooded animal, tar example a human, for treatment or prophylaxis of one 
of ttie abovementioned diseases and comprise an amount of a compound of tt»e fomwla 
I or of a pharmaceutically acceptable salt mereof which is active against said diseases, 
togettier witti an excipient 
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Especially preferred are the final products and intermediates, as well as their salts, where 
salt'forming groups are present, and the reaction procedures or any parts thereof mentid* 
ned in the subsequent examples and in the figures: 



The following examples illustrate methods for the total synthesis of epothilone A (1), epo- 
thilone B (2). designed analogs and the generation of epothilone libraries. The examples 
rely inter alia on the olefin metathesis reaction and macrocydization as a means to fomi th 
macrocyclic ring. The disclosed methods promise the discovery of anticancer agents which 
will be superior to existing ones. The examples represent exemplary conditions which de> 
monstrate the versatility of the methodology and are not meant to be restricted to the 
modes and compounds or intermediates disclosed. 



ilution Phase sv nthaaia of aoothilcne A ai 
Qiflffin metathesis a onroach (nourea 1-101 

A method using the olefin metathesis approach to synthesize epothilone A (1) and several 
analogs (3»-»1. 42-44, 51-87. 5840. 54^, and «7-«9) is described (Rgures MO), hi this 
example, we describe the details of our olefin metathesis approach to epothilone A (1) and 
its application to the synthesis of several of its analogs. Key building blocks 5. 7 and 8 wei 
constructed in optically active lorn and were coupled and elaborated to olefin metathesis 
precursor 4 via an aldoi reaction and an estariflcation coupHng. Olefin metathesis of 
compound 4. under the catalytic influence of Rua2(«CHPh)(PCy3)2 catalyst, furnished ds 
and irane^ydte oldini 3 and 48. Epoxidatlon of 48 gave epothilone A (1) and several 
anatoga. whereas epaddatlon of 80 resulted in additional epothllones. SImMar elaboration 
of isomeric as watt as slmplef intermediates resulted in yet another series of epothilone 
analogs and model systems. 




epothilone A (1) is characterized by a lennembered macfocydic lad 
oxide moiety, two hydroxyl groups, two secondary methyl groups, ar 
9up. as well as a sldeK:hain consisting of a trisubstlluted double bon 
Rgurel). With its seven stereocentera and two geometrical elemer 
prosenia a considerable challenge aa a synthetic target, partlcularty 
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gard to stereochemistry arKi functional group sensitivity. In search for a suitable synthetic 
strategy, w sought to apply new principles of organic synthesis and. at the same, time, re- 
tain optimum flexibility for structural diversity and construction of libraries. 

In recent years, the olefin metathesis reaction became a powerful tool for organic synthesis 
(For the development of the olefin metathesis as a ring forming reaction, see: Zuercher et 
aL J. Am. Chem. Soc. 1 996, 1 1 8, 6634-6640; Schwab et al. J. Am. Chem. Soc. 1 996, 1 1 8. 
1 00-110; Gmbbs et ai: Acc. Chem. Res. 1995, 28, 446-452; Tsuji et al. Tetrahedron Lett. 
1960, 21 , 2955-2959: Katz et al. Tetrahedron Lett 1976, 4247-4250: Katz et al. 
Tetr^edron Lett 1976, 4241.^254; Katz et al. J. Am. Chem. Soc. 1976, 98, 606-608; Katz 
et al. Advances in Organomet Chem. 1 977, 1 6, 283-^1 7). 

« ■ 

In particular, a number of publications report appRcation of ttiis chemistry to the construction 
of macrocycies (For a number of a|)piications of the olefin metathesis reaction in medium 
and large ring synthesis, see: Borer et al. Tetrahedron Lett 1994. 35. 3191-3194; Clark et 
al. J. Am. Chem. Soc. 1995. 117. 12364-12365; Houri et al. J. Am. Chem. Soc. 1995. 117. 
2943-2944; Furstner et ai. J. Org. Chem. 1996. 61. 3942-3943; Martin et ai. Tetrahedron 
1996. 52. 7251-7264; Xu et ai. J. Am. Chem. Soc. 1996. 118. 10926-10927). 



Inspection of the structure of epothUone A (1 ; Figure 2) reveals the intriguing possibility of 
applying the olefin metathesis reaction to bis^snninaO olefin 4 to yield the cis^lefin contai- 
ning macrocyciic lactone 3. which could be converted to the natural product by simple epr 
oxidation, as retrosynthetically outlined in Figure 2. Oaring as it was, this strategy has the 
potential of delivering both the cie> and trans-cydie olefins corresponding to 4 for structural 
variation. Proceeding with the reHotynthetic analysis, an esterification reaction waa identi- 
fied as a means to allow diaoonn««lion of 4 to its components, carboxylic add S and secon- 
dary alcohol 6. Tho atdoi moiety in 8 allows the indicated disconnection, defining the alde- 
hyde 7 and Keto add S as potential intemiediates. Carboxylic acid a can ttwn be ti^ced to 
Intennediate 9, whose asymmetric synthesis via allylboration of the known keto aWehyde 12 
is straightfondwd. An asymmetric allylboration can also be envisioned as a means to con- 
stmct alcohol 6. leading to precursor 10. which can be derived from the known ttiiazole deri- 
vative 11. This retrosynthetic analysis led to a highly convergent and flexible synthetic stra- 
tegy, the execution of which proved to be highly rewarding in tenns of delivering epothilone 
A (1) and a seriee of analogs of this naturally occurring substance for biological screening 
(Figure 2). 
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B. Gsn. 

Ft 



As a prelude to the total synthesis, a numtter of building bloclcs were synthesized and 
utilized in model studies. Thus, fragments 7, 18a. 18b and 21 (Figure 3; schemes A-C) 
were targeted for synthesis. Aldehyde 7 was constructed by two different routes, one of 
which is summarized in Figure 3A. Thus. Oppotzer's acytated sultam derivative 13 
(Oppoizer et al. Tetrahedron Lett 1989, 30. 5603-1989; Oppolzer et al. Pure & Appl. 
Chem. 1990. 62. 1241-1250) was alkylated with 5-iodo-l-pentene in the presence of so- 
dium bis<trimethylsiiyl)amide (NaHMDS) to furnish compound 14 as a single diastereoiso- 
mer (by 1 H r4MR). Lithium aluminum hydride reduction of 14 gave alcohol 18 in 60% overall 
yield from suftam 13. Oxidation of 18 with tetrapropylammonium pemithenate(VII) (TPAP) 
and 4-methyMTiorphollne-Nw»dde (NMO) yielded the desired aldehyde 7 in 95% yield. 

The synthesis of the two antipodal alcohols 18a and 18b is outlined in Rgure 3B. Thus, 
glycidola 18a and 18b were converted to the corresponding fe/fbutyldlphenylsiiyi ethers 
(OTPS) 17a (90% yield) and 17b (94% yield), respectively, by a standard pnjcedure 
CTPSa. imidazole), and then to 18a (88% yield) and 18b (83% yield) by reaction with the 
vinyl cuprate reagent derived from copper(l) cyanide and vinylllthium. 

Figure 30 summarizes the synthesis of the third required building block, keto acid 21 . star- 
ting with the known and readily available kato aldehyde 12 (Inuka et aL J. Org. Chem. 1 967. 



14-407). Condensation of 12 with the sodium salt of phosphonate 18 produced .8- 

unsaturated ester 20 In 99% yield. Cleavaga of the fe/^butyl ester with CF3COOH in 
methylene chlofWt ra»i«id m a 99% yield of carboxyllc acid 21. 

WHh th« rtquiiitb Irigmenta in hand. w« turned our attentkwi to a feasibility study of the ole- 
fin metHheait stralsgy. Figure 4 summarizes the results of our wortc in this area. Thus, 
coupling of fragment* 18a and 21 . mediated by the actton of EDO and 4.DMAP. led to ester 
22a in 88% yield. AWoi condensation of the lithium enolat* of keto ester 22a (generated by 
the action of LDA) and akfehyde 7 resulted in the formation of aktol* 23 and 24 m ca. 4:3 

ratk). Chromatographte separation aUowed the Isolation of pur* 23 (42% yieW) and 24 (33% 

yieM). The st*f*och*ntical assignment* of compound* 23 and 24 were based on an X-ray 

crystaUographk: analyai* of a subs«,uent intemiedlate a* wiU be described betow. In Rgure 

4. exposure of 23 to the RuCl2(.CHPh)(PCy3)2 catalyst in methyi«i* chk)ride solutx)n un- 
. ... .-»«.r^<«h«..«ir«ftuJi«d In dean fbrmatlon of a single trans- 
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macrocyclic olefin (25) (Ji2,l3 " l^-^ ^) V*^'^- Similar treatment of 24 generated 
the diastereom ric transs>tefin 26 (Ji 2,13 » 15.2 Hz) as the sole product in 79% yield. Desi- 
lylation of 25 and 26 with TBAF and AcOH in THF at 25''Cgave dihydroxy lactones 27 (92% 
yield) and 28 (95% yield, mp 1 28-1 29 C. EtOAc-hexanes), respectively. 

X-ray crystallographic analysis of macrocyclic diol 28 revealed the trans nature of the 
double bond and defined the stereochemistry of all stereogenic centers. Comparison of the 
^ H NMR spectra of 26 and 28 with those of 25 (Ji 2,1 3 * 1 5.5 Hz). 27. 31 (J12.1 3 - 1 5.7 
Hz) and 32 (vide infra) supported the trans geometry of the double bond generated by the 
olefin metathesis, and the C6^ stereochemistry. Therefore, the original assignment 
(Nicolaou et ai. Angew. Chem. Int Ed. Engl. 1 996. 35. 2399-2401 ) of the ds geometry for 
this double bond and the C6^ stereochemistry of the aldol products in these model sys- 
tems should now be revised as shown. Ironically, it was this erroneous, but encouraging 
assignment that let us to embark on the final plan to synthesize epothilone A by the olefin 
metathesis approach. As events unfolded (vide infra), the real system produced both the 
cis- and the trans^ydlc olefins and the metathesis approach turned out to be fruitful. 



For the purposes of analog synthesis, the 1 5R fragment 18b was utilized in these studies 
as well, as shown in Rgure 5. Coupling of 18b and 21 with DCC and 4-OMAP led to a 95% 
yield of ester 22b. the enantiomer of 228. LOA-mediated aldot condenaation of 22b with 
aldehyde 7 furnished akJols 29 (54% yield) and 30 (24% yield), which are diastereomeric 
with 23 and 24 of Figure 4. Olefin metathesis of 29 and 30 with the Rua2(«CHPh)(PCy3)2 
catalyst led to cyclic system* 31 (Ji2,i3 ■ 1'5.7 Hz) (80% yieW) and 32 (J12.13 » ^5.4 Hz) 
(81 % yield), respectively. Compounds 27. 28. 31 and 32 may serve as suitable precufsors 
for the construction of a series of designed epothilones for biological Investlgattons. At this 
juncture, however, it WM conslderwJ mora urgent to Investigate the compatibility of the thl- 
azole side-chain with the oondittons of olefin metathesis and epoxidatlon, 

To this end. the chemlrtiy shown In Figure 6 was studied. The enolale of keto acid 21 (2.3 
equivalents of LDA. THF. -78 C) reacted with aldehyde 7 to afford hydroxy add* 33 and 34 
as a mixture of C6.C7 (ca 2:3 by ^ H NMR) 'ln good yield. This mixture waa coupled with al- 
cohol 6 in the presence of EDC and 4-DMAP. to afford two diastereomeric esters. 38 and 
38 (29% and 44% yield, respectively, for two steps). Both products. 38 and 38 were subjec 
ted to the olefin metathesis reaction, and we were delighted to observe a snwoth ring cto- 
sure leading to trana™«cyde* 37 (Ji2,i3 ■ Hz) (86%) and 38 (J12.13 • 15-0 
i^^s xAmh ^f4\,mA nnduct 37 and 38 in hand, we then proceeded to demonstrate the 
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feasibility of epoxidizing the C1 2-C1 3 double bond in the presence of the sulfur and olefin 
functionalitiee in the thiazote side chain. Thus, treatment of both 37 and 38 with 0.9-1 .2 
equivalents of mCPBA in CHO^ at O^Cresulted in the formation of epoxides 39 (or 40) 
(40%). 40 (or 39) (25%, stereochemistry unassigned), and 41 (18%, stereochemistry un- 
assigned), as well as 42 (or 43) (22%), 43 (or 42) (1 1%) and 44 (7%) along with some un* 
identified side products. These results paved the way for the final drive towards epothiione 
A (1). More recently we found that mefthyl(trifluoromethyl)dioxirane (Yang et at. J. Org. 
Chem. 1 995, 60, 3887-^3889) gives superior results in the epoxidation reactions in regard to 
regioselectivity and yields. Thus, olefins 37 and 38 were converted to epoxides 39 (or 40) 
(45%) and 40 (or 39) (28%), and epoxides 42 (or 43) (60%) and 43 (or 42) (15%). respec- 
tively. No side-chain epoxidation was observed in either case. 

C. Totai Svntheaia of Eoothi lona A and Anatooa 
Encouraged by the results of the model studies described above, we proceeded to assem- 
bie epottiiione A (1). Figure 7 shows the initial stages of the construction beyond the Icey 
building blocks M. Thus, aldol condensation of S (2.3 equivalents of LOA) with aldehyde 7 
afforded diastereomeric products 4S and 46 (ca 3:2 ratio by 1 H NMR). which were coupled 
as a mixture with allylic alcohol e in the presence of EOC and 4-OMAP, to afford, after chro- 
matographic purification, pure esters 4 (52% overall from 8) and 43 (31% overall from 8). 

The olefin metathesis reactfon of 4 (6R.7S stereochemistry as proven by conversion to epo- 
thiione A) proceeded smoothly in the presence of the Rua2(«CHPh)(PCy3)2 catalyst, as 
shown in Figure 8, to afford cyclic systenis 8 (J^ 2.1 3 ■ ^ ^.5 Hz) (48%) and 48 (J12.13 » 
1 5.0 Hz) (39%). The silyl tlhers from 3 and 48 were removed by expoeure to CF3COOH in 
methylene chtorido. affording dihydroxy compounds 48 (90% yield) and SO (92% 
respectively. 

The ds-oielln 48 was converted to epothitone A (1) by the action of mCPBA (0.8- 
valents) in a reaedon that, in additton to 1 (35% yield), produced the isomeric epc 

(1 3% yield), 82 (or 83) (9% yield, stereochemistry unassigned) and 53 (or 82) (7? 
reochemiatiy unassigned). as well as bis(epoxides) 84 (or 88) and 58 (or 84) (10« 
yield, stereochemistry unassigned). Reaction of olefin 48 with excess mCPBA (1 
equivalents) gave a different product distribution: 1 (15%). 81 (10%). 82 (or 53) < 
(or 52) (8%). 84 (or 88) (8%). 88 (or 84) (7%). 58 (5%). and 87 (5%). The action 
methyldioxirane (Murray et al. J. Org. Chem. 1985, 50, 2847-2853) (Methylene e 
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C) on 49 gave mainly 1 (50%) and SI (15%). together with sniali amounts of 53 (or 54) and 
54 (or 53) (1 0% total yi id). 

* 

However, we found that the preferred procedure for this epoxidation was the one employing 
methyi(trifluoro-methyi)dloxirane (CH3CN. Na2EDTA, NaHCOs, Oxone®, 0 C; Yang et ai. J. 
Org. Chem. 1995, 60. 3887-3889). a method that furnished epothilone A (1) in 62% yield, 
together with smaller amount of its -epoxide epimer 81 (13% yield). Chromatographically 
purified synthetic epothilone A (1) exhibited identical properties to those of an authentic 
sample (TLC. HPLC. [Iq. IR, ""h and ^mr. and Mass spec). Further, epoxidation of 
pure 1 with mCPBA (0.8-1.1 equivalents) resulted in the fonnation of bis(epoxides) 54 (or 
55) (35%) and 55 (or 54) (32%) along with sulfoxide 57 (6%), confirming the C12-C13 ste- 
reochemical assignments shown in Rgure 8. Under similar conditions, -isomeric epoxide 
51 was recovered unreacted. 

The trans-olefinic compound 50 gave rise to another series of epothilones A (58-60) as 
shown in Figure 9. Thus, epoxidation of 50 with 1 .0 equivalent of mCPBA furnished com- 
pounds 58 (or 59) (5%, stereochemistry unassigned). 59 (or 68) (5%, stereochemistry un- 
assigned) and 60 (60%, stereochemtetry unassigned). SImllaily, epoxidation of 50 with 1 .0 
equivalent of dimethyldloxirane resulted in the fbnnatlon of 88 (or 59) (10%), 59 (or 58) 
(10%) and 80 (40%). Interestingly, hofwever, the action of methyl(trlfluoro-methyl)dioxirane 
led only to 88 (or 59) (45%) and 89 (or 88) (35%) in a much daaner fashion. 

In order to expand the epothilone A library, we utilized the 6S,7R-stereoisomer 81 (obtained 
from 47 by CFaCOOH-inducad desilylatioo in 90% yIeW) in the olefin metathesis reaction, to 

afford cyclic compounds 82 (Ji2,l3 - (»%) W (Ji2,i3 • 0 ^) ^ 
gure 10). EpoxidaUen of tht dihydroxy macrocyctie compound 82 with mCPBA (0.8-1 2 
equivalents) in CHCtj at -20 to VCgtem isomeric epoxides 84 (or 88) (25%) and 88 (or 84) 
(23%). Side-chain epoodde 66 was not isolated in this case. Similarly, diol 63 furnished 67 
(or 68) (24%), 68 (or 67) (19%), and 69 (31%) under the same reaction conditions. The ste- 
reochemistry of epothilonet 6449 remains unassigned. Again, epoxidation of compounds 
62 and 63 using methyl(lrtfiuoromethyl)dioxirane resulted in epoxides 64 (or 68) (58%) and 
65 (or 64) (29%), and in epoxides 67 (or 68) (44%) and 68 (or 67) (21%), respectively, in a 
cleaner fashion (Figure 10). 

In example 1 . we illustrate methods culminating in the total synthesis of epothilone A (1) 
„^ «4 , i«. — ^.fin HMtattiMis anDraaeh. Furthermore, besides defining the scope 
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and limitations of this new methodology in total synthesis, the methods provide a series of 
epothilone A analogs for biologicai investigations and further chemical explorations. The 
high convergence and relative simplicity of the chemistry involved in this construction make 
this strategy amenable to combinatorial synthesis for the generation of targe libraries of 
these structures, as illustrated in a later example. 

h^ft avnthealfl of epot hilone A and B and analooa using a 
eh illuatratad in Rourea 11- 

In this axampJe, we illustrate methods tor the total synthesis of both spothilones A (1) and B 
(2) and of a number of analogs using our macrolactonization strategy (Nicolaou Angew. 
Chem. Int Ed. 6ngl. 1997. 36. 525-527). The reported strategy relies on a macrolactoniza- 
tion approach and features selective epoxidatlon of the macrocyde double bond In precur- 
sors 70 and 71 (Figure l). respectively, as well as high convergency and flewbHity. Building 
blocks 76-79 and 82 were constructed by asymmetric processes and coupled vxi WIttig. al- 
dol. and macrolactonization reactions to aftord the basic skeleton of epothitonee and that of 
several of their analogs by a relatively short route. The utillatlon of intermediate 61. obtal- 
ned via a stereoselective WIttig reaction and its Enders coupling to SAMP hydraione 80 
(Figure 1 7). in combination with a stereoselective aMd reaction with the modified substrate 
136 (Rgure 19) improved the stereoselectivity and efficiency of ttw total synthesis of tiiese 
new and highly potent microtubule binding antitumor agents. 

A. Rit fTMynthet te Anahiae 

* 

Rgure 1 1 outtinae the m«»lactoniiation.based retrosynthetic analysis of epothitonee A (1 
andB(2). Thut. retioiynthetic removal of the epoxWe oxygen from 1 and 2 reveals the 
correspondina Z-olefine. 70 and 71 . as potential precursors, respectively. The second ma- 
jor retrosynthettc step atong this route is the disconnection of the macrocyctic ring at ttie 
lactone sitejeadlrig to hydroxy ackls 72 and 73 as possible key intimwdlato^ Moving 

further atong ttie retrosynthetic patt). an aktol-type disconnedten altowa the generation of 
keto acid 76 as a common intemiediate. and aldehydes 74 and 76 at reasonable bu.ld.ng 
blocks tor 72 and 73. respectively. Keto add 76 can be em/istoned to arise from an asym- 
metric alMboration f the corresponding aWehyde. toltowed by appropriate elaboration of 
the temiinal olefin. The larger Intemtodlatos. 74 and 76, can be disconnectod by two sl.gf 

ly different ways. The first disconnection (routt a) involves a rotro-Wltflg 

' ... I— .«i«»««h«no.e. leading to compounds 77, 76 a 
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79. The second disconnection, specifically sought for its potential to address the geometry 
issue of the trisubstituted double bond of epothilone B (2) (route b). involves: (i) a retro* 
Enders alkylation, leading to hydrazone 80 and iodide 81 ; and (\\) a retro-Wtttig type discon- 
nection of the latter intennediate (81) to reveal aldehyde 82 and stabilized ylide 83 as po- 
tential building segments. An asymmetric allylboration of 82 then points to Brown's chiral ah 
lyiborane. and an aldehyde carrying the required thiazole moiety as potential starting points. 

B. Total Svnthaaia 

1. Construction of Building Blocks (F iaufas 12-131: 

The strategy derived from the retrosynthetic analysis discussed above (Figure 1). required 
building blocks 76-79. 82. and related compounds. Their construction in optically active 
form proceeded as follows. Figure 12 summarizes the synthesis of keto acid 76 starting 
with the known keto aldehyde 84. Thus, addition of (•••)-tpc2B(allyO to 84 in ett>er at -100°C 
resulted in the formation of enantiomerically enriched alcohol 86 (74% yield, ee >98% by 

■ 

Mosher ester detennination). Sitylation of 88 wtth tert-butyldimethyisiiyi triflate (TBSOTf) 
furnished, in 98% yield, sityl ether 86. The conversion of terminal olefin 86 to carboxytie 
acid 76 was carried out in two steps: CO ozonoiysis in methylene chloride at -78*C foliowed 
by exposure to Ph^P to give aldehyde 87 (90% yield); and 00 oxidation of 87 with NaCI02 
in the presence of 2-methyl-2*butene and NaH2P04 in fiuOH-H20 (5:1) (83% yield). 



The synthesis of the thiazole^ntaining fragmentai 82 and 79 was accomplished as shown 
In Figure 12. Thus, the known thiazole derivative 88 was reduced with OIBAL (1.6 equiva- 
lents. methylene chloride, -78 ^C) to aldehyde 89 (90% yiekl). whteh reacted with the appro- 
priate stabilized ylkto (Ph3P«C(Me)CHq In benzene at 80*C to afford the required (E)- .8- 
unsaturated-aldehyde 90 in 99% yMd. Addition of (♦)-lpc2B(allyO to 90 in ether/pentane at 
-lOO'C gave aHylie aioohel 91 in 99% yield (>97% ee by Mosher ester analysis). Protection 
of the hydfoxyl group in 91 as • TB8 ether (TBSa imid.. OMF. 99% yieW). foltowed by che- 
moselective dihydrexylrton (Ot04 cat, NMO) of the terminal olefin (95% yieW) and 
Pb(0Ac)4 cleavage of the reeulting dioi <98% yield), furnished aldehyde 82 via intermediate 
92. Finally. NaBH4 reduction of 82 (96% yield), foltowed by iodination (I2. imidazole. Ph^P. 
89% yield) and phosphonium salt fonnation (PhaP. neat . 98% yioW) gave the requisite 
fragment 79 via the intermediacy of alcohol 93 and iodide 94. 

The construction of aldehyde 77 and ketone 78 proceeded from SAMP hydrazone 80 as 
shown in Figure 13. Thus, reaction of proptonaldehyde with SAMP, furnished 80. which 
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upon sequ ntial treatment with LOA (THF, O^C ) and 4-iodo-l -benzyloxybutan (THF, -100 
to O'C ) led to compound 98 in 92% yield and >98% de 0 H NMR). Cleavage of the hydra- 
zone moiety by exposure to ozone (methylene chloride. -78*C , 77% yield), or by treatment 
with Mei at eCC followed by acidic workup (aq HCI. 86% yield), followed by NaBH4 re- 
duction of the resulting aldehyde (98). furnished alcohol 97 in 98% yield. The latter com- 
pound (97) was then siiylaied with TBSCi in methylene chloride in the presence of EtsN and 
4-OMAP to afford sityl ether 98 in 95% yield. Cleavage of the benzyl ether in 98 by hydro- 
genolysis {H2. Pd(0H)2 cat. THF. SO psi]. gave primary alcohol 99 (95% yield), which was 
smoothly oxidized to the desired aldehyde 77 under Swem conditions [(COC02. OMSO, 
Et3N. 98% yield]. Addition of MeMgBr to 77 proceeded in 84% yield, and was followed by 
TPAP-NMO oxidation of the resulting secondary alcohol (100) to giva the other required 
building block, ketone 78. in 96% yield (Figure 13). 

With the appropriate building bk)ck8 at hand the convergent approach to epothitones A (1) 
and B i2\ could now enter its second phase. 




2. 



The couplings of building blocks 78, 77 and 79 and ttie total synthesis of epothilone A (1) 
and its 6S.7R-dia8tereoisomers (111 and 112) are shown in Rgure 14. Thus, generation of 
the ytide from phosphonium salt 79 with sodium bis(trimethylsiiyl)amide (NaHMOS). followed 
by reaction with aldehyde 77 resutted in the formation of the desired Z-olefin 101 (Ji 2,1 3 ° 
1 0.8 H2. obtained from decoupling experiments) as ttie predommant product in 77% yield. 
(Z;E ca 9:1 : the minor isomer (E) was rerwved chromatographically in subsequent steps). 

Parenthetically, key intsrmediat* 101 was also prepared by WHtlg coupling of phosphonium 
salt 1 14 and aMahyde 82 In a rwersiil of the reacting functionalities of the two fragments « 

shown in Figur* 1 5. Thus, alcohol 99 was directty converted to iodide 1 1 3 by the action of 
I2, imtdiJBOle, and Pt)^? (91% yield), and then to phosphonium salt 114 by heating 
PhsP (irlphenylphoaphlne) (91 % yield). Generation of ttie ylide from 1 14 with equ 
amounts of NaHMOS in THF, followed by reaction witti aklehyde 82 yielded Z-olef 
69% and in ea 9:1 ratio with its E-isomer. 



selective desiiylation of the primary hydroxyl group 
of camphorsutfonie acid (CSA) in MeOH:Melhylene 



hydroxy compound 



aldehyde 



carried out using SOg-pyr.. OIMISO and EI3N (94% yieW). With the availability of 74. we 
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were then in a position to investigate its aldol condensation with Iceto acid 76. It was found 
that the optimum conditions lor this coupling reaction required generation of the dilithiode- 
rivattve of 76 (1 .2 equivalents) with 3.0 equivalents of lithium diisopropyiamide (IDA) in THF 
(-78 to ). followed by addition of aldehyde 74 (1 .0 equivalent), resulting in the for- 
mation of a mixture of the desired product 103a and its 6S JR-diastereoisomer 103b in ca 
1:1 ratio and in high yield. Despite the tack of stereoselectivity in this reaction, the result 
was welcome at least with regard to the prospect it provided for the constivction of the 
6S JR-diastereoisomer of epothilones A and B. This mixture was then carried through to 
the stage of carboxylic acids 106 and 106 (Figure 14). where it was chromatographicaliy 
s parated to its components. Thus, exposure of 103a/103b to excess of TBSOTf and 2,6* 
lutidine furnished a mixture of tetra*silylated products 1p4a/104b, which was then briefly 
treated with K2CO3 in MeOH2 to afford, after silica gel flash or preparative layer chromato* 
graphy. cartMxylic acids 108 (31% overall yield from 7) and 106 (30% overall yield from 74) 
(108: Rf « 0.61 ; 39: Rf « 0.70, silica gel, 5% MeOH in Mettiylene chloride). The indicated 
stereochemistry at C7 and C6 in compounds 108 and 106 was assigned later and was ba- 
sed on ttie successful conversion of 108 to epothilone A (1) as described below. 

At this stage, it was necessary to seiectiveiy remove the TBS group from the allyiic hydroxyl 
group of 105. so as to allow rrtacrolactonization of the seco^dd substrate (72). This goal 
was achieved by treatment of 38 ¥^ tetra«o-butylammonium fluoride (TBAF) in THF at 
2S"C . generating the desired hydroxy add 72 in 78% yield. The key macrolactonixation re- 
action of 72 was carried out using the YamagucN method (2,4,6-trtchloroben2oyl chloride, 
EtsN, 4.0MAP) at 25*C, aflbrding compound 108 in 90% yield. Removal of both TBS 
groups from 108 (CF3COOH. Methylene chloride, 0*C) furnished did 70 in 92% yield. Final- 
ly, treatment of 70 with methyl(lrlfluofomethyOdioxirane led deanly to epothilone A (1) (62% 
yield) and its -epoxide epimer (13% yield). Synthetic epothilone A (1) was chromatographi- 
caliy purified (preparailve thin layer chromatography, silica gel) and exhibited identical pro- 
perties to those of an authentie sample (TLC. HPLC. ( p. IR. ^ H and ^ NMR and HRMS) 

A similar sequence was followed for the synthesis of the 6S.7R-dlastereoisomer8 111 and 
1 12 of epothilone A (1) from compound 108 (Figure 14) via intermediates 107 (82% yield 
from 108). 100 (85% yield from 107). and 110 (95% yield from 108). Epothilone 111 was 
obtained as the major product, together with its -epoxide epimer 112 (87% total yield, ca 

^t^mu, nr^ifMf tiA tw mathviftrifiuoremethvl)dioxirane epoxldation. 
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The first approach to epothilone B (2) was designed with the aim of delivering, not only the 
natural substance, but also its 1 2S-diastereoisomer 128 (Figure 16), which in turn required 
the generation of both 1 2Z- and 1 2E-olefins. To this end, the ylide generated from phos- ■ 
phonium salt 79 with equimolar amounts of NaHMDS in THF. was reacted with ketone 78 to 
afford a mixture of Z- and E-olefins 1 18 (ca 1 :1 ratio) in 73% total yield. This mixture was 
carried through the sequence to the stage of carboxylic acids 119 and 120 (see Figure 16 
fOr details), which were chramatographicaily separable. Cartxucylic add 120 (mixture of ge- 
ometricai isomers) with the wrong stereochemistry at C6 and C7 (6S.7R) was abandoned at 
this stage, whereas the mixture of Z- and E-isomers 119 with the correct stereochemistry at 
C6 and C7 (6R.7S) was taicen to the macrolactone stage (compounds 121 and 122) via hy- 
droxy acid 6*. by: 0) selective desilylation of the CIS hydroxyl group (TBAF. THF. 75% 
yield); and 00 Yamaguchi cyciization (37% yield of 121. plus 40% of 122). Deprotection of 
bis(siiytether) 121 by treatment with CF3COOH in methyleno chloride afforded diol 71 in 
91% yield. Rnaliy. epoxidation of 71 with mCPBA in benzene at 3*C gave epothilone B (2). 
together with its a-epoxida epimer 124 in 66% total yield and ca 5:1 ratio (^ H NMR) while 
the use of dimethyidloxirane. gave 2 and 124 In 75% total yield in the same ratio (ca 5 : 1 in 
favor of 2). Epoxidation of 71 with methyi(trifluoromethyl)dioxirane in CH3CN at 0*C impro- 
ved the yield of epothilone B (2) and its -epimer 124 to 85%, but did not significantly chan- 
ge the diastareoselectivity of the reaction. Epothlfone B (2) was purified by silica gel prepa- 
rative layer chromatography and exhibited identical properties (TLC. HPLC, [Ip. IR. and 
3c NMR. and HRMS) with those of an authentic sample. 

m 

By the same sequence, and in similar yields, the macrocyde 122 containing the E-endocyc- 
lie double bond (Rgurt 16). waa converted to the l2S-epimeric epothilone B 128 and ita - 

epoxy epimer 128 via dBiydioxy macrocydlc compound 123 (epoxidation with methyKtriflu- 

oromelhyOdioxirane). 

In order to Improve the efRdency of the route to epothilone B (2). a more stereoselective to- 
tal synthesis was devised and executed as follows. Rgura 17 addresses the stereoselecti. 
ve constmctlon of intemiedlate 78 with the 1 2Z-geomelry. Thus, condensation of the stabi- 
lized yllde 83 (obtained from 4.bromo.l -butene by: (I) phoaphonium salt torniaBon; (ID anion 
formation with NaHMDS: and (IB) quenching with MeOC(0)CO with aldehyde 82 proceeded 
smoothly to afford olellnic compound 127 in 95% yield and as a single isomer. Redurtion 
of the methyl eetar in 1 27 with OIBAL resulted in the tonnatlon of allyllc alcohol 1 28 (98% 
vield). which waa deoxygenated by first reacting it with Ph3P.ca4. and thenc 
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LiEtsBH, to afford the desired trisubstituted 12Z-olefin 130. via chloride 129. in 82% overall 
yield. The latter compound 130 was regioselectively hydroborated with 9-BBN and conver- 
ted to the primaiy alcohol 131 (91%). which was then treated with l2-imidazole-Ph3P to 
afford iodide 81 (92% yield). This iodide was then used in an Enders alkytation reaction 
with SAMP hydrazone 80 to give compound 132 as a single isomer (^H NMR) and in 70% 
yield. Treatment of hydrazone 132 with monoperoxyphthalic acid magnesium salt (MMPP) 
in MeOH:ph08phate pH 7 buffer (1 :1) resulted in clean conversion to nitrile 133 (80% yield), 
virtiich formed aldehyde 75 (82% yield) upon exposure to OIBAL at -78"C in toluene solu- 
tion. 

The homogeneous aldehyde 75 was converted to epothilone B (2) by the sequence depic- 
ted in Figure 1 8. Thus, condensation of the dianion of 78 with 75 as before (Figure 18). 
produced two diastereoisomers. 117a (6R,7S stereoisomer) and 117b (6S.7R stereoisomer) 
in high yield, and in ca 1 .3:1 .0 ratio (1 17a:1 17b). This mixture was carried through the indl- 
cated sequence to carboxyllc acids 1 19 (32% overaU yield from 75) and 1 19 (28% overall 
yield from 75). which were separated by silica gel preparative layer or flash column chroma- 
tography and taken indlviduaUy further along the sequence as described for the correspon- 
ding stereoisomeric mixtures shown in Figure 16. Thus, 119 was selectively deprotected 
witti TBAF to afford hydroxy ackj 73 (73% yield), which was ttten cyclized to macrolactone 
121 in 77% yield by ttie Yamaguchi method. The conversion of 121 to epottiilone B (2) and 
its -epoxide epimer 119 has already been described above (Figure 16). 

In an effort to improve ttie diastereoselecttvity of ttie aklol condensation between C1-C6 
and C7-C1 5 fragments, ttie fbltowing chemistry was exptored (Figure 19). Thus, ketone 138 
(prepared from ketone 17. Figure 1 2, by selective reduction, foitowed by silyWton) was con- 
verted to its enolato with stok^hwnetrte amounts d U)A and reacted wm» ak^ 
isomer), affording coupUng products 137 and 138 In 85% total yieW and ca 3:1 ratio, wtth 
the desired compound 137 predominating as proven by its conversion to 119 and epottii- 
lone B (2). Thus, chromatographic purification (siUca gel. 20% ettw in hexanes) led to 137. 
which was efficientty transformed to ttie prmrtously synthesized intermediate 119 (Figuro 18) 
as foltows. The newly generated hydroxyl group in 137 was silylatad wtth TBSOTf-2.6.luti- 
dine to furnish 139 (96% yield), whtoh was then selectively desilylatad at ttte primary positi- 
on by the mild action of camphorsulfonic add (CSA) iri MeOH.K4«ttiytene chloride, leading 
to 140 (85%). Rnally. sequential oxidation of the primary ateohd witti (COCOrOMSO^aN 
(95% yield) and Naa02.NaH2P04 (90% yieW) led to hydroxy acW 119 via aWehyde 141. 
The conversion of 119 to 2 has already been (teeeribed above (Figure 18). This sequence 



« 



wo PCT/EP97/0701 1 

- 65 • 



represents a stereoselective and highly efficient synthesis of epothilone B (2) and opens the 
way for the construction of further analogs within this important family of microtubule bin* 
ding agents. 

The chemistry described in this example defines a concise methodology for the construction 
of epothilones A (1) and B (2) based on a macrolactonization strategy, and which enjoys 
convergency and flexibility for structural diversity. The methodology is not limited to epothi- 
lones A (1) and B (2). but can be extended to numerous intermediates and structural ana- 
logs included herein. In addition, the resultant analogs will play a crucial roie in elucidating 
structure-activity relationships of these new substances and in determining their relevance 
to cancer chernotherapy. Binding assays, vida infra, have demonstrated that compounds 
70, 71, 123 and 128 show binding affinities to microtubules comparabie to those of epothi- 
lones A (1), B (2). and Taxoi~. 

Example 3: Solid r>haaa synthesis of the aoothiiones aa iilugtrated in Roures 20- 

^1 flpd H^urea 49-50. 

In this example, w« damonstrat* tha first solid phase synthesis of epothilone A (1) and the 
total syntheaia of epothilone B (2). tha generation of a small epothilone library, and the iden- 
tification of a synthetic apothilona that Interacts with tubulin more potently than epothilones 
A (1) and B (2) and Ta»l (Flguraa 20-24 and Figures 49-50). The solid phase constnjction 
of 1 may herald a new era of natural products synthesis and. together with the solution pha- 
se synthesis of 2. pawaa tha way for the generation of large combinatorial libraries of these 
important mdaculaa tor biological screening. 

The stratagy for tha aoUd phase synthesis of epothilone A (1) waa baaed on tha retrosynthe- 
tic analyaia indlcalad In Figure 20 (Nicdaou at al. Angew. Cham, int Ed. Engl. 35. 2399- 
2401 (1998): Yang at aL Angew. Cham. Int Ed. Engl. 38. 166.168 (1997)). Thus, it waa an- 
ticipated that tha thraa raquiaita fragments (143-148). one on a solid support (148). would 
be coupled together sequentially through an aldol reaction, an estartfication reaction, and 
an olefin metatheaia reaction, tha latter simultaneously cydiUng and liberating the product 
from th solid support (144*148^143 leads to 142 which leads to 141; Figure 20), A simple 
desilylation and epoxidation reaction would then complete the total synthesis of epothilone 
A (1) and analogues thereof (141 leada to 1: Figure 20). The outlook for obtaining two pro- 
ducts at each of the aldol. melathasia. and epoxidation stapa waa considered advantageoua 
for the purpoaea of library generation. 
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As illustrated in Figura 21 . Merrifieid resin (146) was corwerted to phosphonium salt 147 in 
>90% yield by sequential reaction with: 0) 1 ,4«butanediol-NaH-n-Bu4NI catalyst; fii) Ph^P- 
iodine>imidazoie; and (i>i) P^iP- Preferred alternative resins, other than the Merrifieid resin, 
employable in this procedure include PEQ-polystyrene, hydroxymethyl polystyrene, formyl 
polystyrene, aminomethyt polystyrene and phenolic polystyrene. Ylide 148 generated from 
147 by the action of NaHMDS in THROMSO at 25*C. reacted with aldehyde 149 at O'C to 
form olefinic compound 180 in >70% yield. The geometry of the double bond in 180 was 
tentatively assigned as Z, but its geometry was neittier rigorously determined nor did it mat- 
ter for our purposes. Oesilyiation of 180 with HP*pyr., followed by Swem oxidation of the 
resulting primary alcohol furnished aldehyde 148 in high yield (>95%). The aktol condensa^ 
tion of the polymer-bound aldehyde 148 with the dianion derived from Iceto acid 144 in the 
presence of ZnCl2 in THF gave a mixture of diastereoisomers (ca 90% yield, ca 1 :1 ratio). 
Finally, introduction of the heterocyclic segrnent 143 onto the growing substrate was achie- 
ved by esterification, leading to the required precursor 182 in ca 80% yield. Exposure of 
182 to RuCl2(«CHPh)(PCy3)2 catalyst (183) in methylene chloride at 25*C released from 
the resin olefinic compounds 184-188 and 141 (52% total yield. 184:188:186:141 ca 3:3:1:3 
as determined by HPLC). Compounds 184-186 and 141 could be separated either by HPLC 
or by preparative layer silica gel chromatography, and the two with the correct C6^7 stere- 
ochemistry (e.g. 188 and 141) were desilytated by exposure to TFA to afford epothilone pre- 
cursors 187 (92%) and 188 (90%), respectively. Epoxidation of 187 and 188 with trtftuoro- 
(methyl)dioxirane then furnished epothilone A (1, 70%) and its diastereoisomer 180 (45%), 
respectively. The -epoxy isomers of l and 189 were also obtained in these epoxidation re- 
actions. Pure syrthetic epothilone A (1) exhibited identical properties (TIC, (Iq, and 
13c NMR, IR and HRMS) to those of an authentic sample (Figure 21). 

The solid phase synthesis of epothilone A (1) described herein (Figures 20-24 and Figures 
49-50) represents a new concept for the total synthesis of natural products, traces a highly 
efficient pathway, to the naturally pccurrlng epothilones. and opens the way for the genera- 
tion of large combinatorial epothilone libraries. The biological results demonstrate that more 
potent microtubule binding analogues than the parent epothilones can be obtained (e.g. 
compound 71 ; biological results vida infra) by chemical synthesis. Furthermore, our findings 
point to lipophilic substituents rather than the epoxide moiety as important elements for bin- 
ding activity. 
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The epothilone library (Rgures 24-25) was designed without a methyl group at C-8 (the ne- 
cessity of this methyl group for biological activity will be tested first through the synthesis of 
8*nor epothilone A prior to undertaking the construction of this library) for simplicity. The 
CI -CS fragment is varied as outlined In Rgures 24-25, whereas the stereochemistry at 

ft 

C-1 2 and CM 5 is deliberately varied to multiply the number of compounds by two for 
each center in addition, groups R1 , R3 and R4 also vary. The requisite building blocks 
(boxes, lower part of Rgures 24-25) are known in the prior art and synthesized by standard 
methods; solid support is prepared from polystyrene as shown in Rgures 24-25. The eno- 
lates of the corresponding ketoadds are generated by the action of LOA and the aidol pro- 
ducts are derivatized with R3 and condensed with 1M to afford 1M. Palladium catalyzed 
coupling of 1M with specific aromatic stannanes. tallowed by olefin metathesis, tamn the 
macroring and simultaneously release the substrate from the soikl support The remaining 
two steps are carried out in solution. The epoxidation is carried out using a solkl phase- 
bound peracid or dimethyloxirane, (for minimal work-up procedures) and the desityiation 
step is conveniently achieved by HF*pyr in methylene chloride. The final products are ge> 
nerally pure enough tar characterization and biological assay (or they can. if necessary, be 
purified by HPLC) and their numbers may vary from hundreds to thousands (see description 
of figures section for figure 25 for a calculation of such a library). 

Example 4. Total Svntheaia of Enoicalon aa A and Eooxatena Analogs as 

illuatratad in Rouras 24»39 

■ 

In this example, we report the total synthesis of a novel series of dwigned epothilones with 
an oxygen instead of a sul^ atom at position 20 (see Figure 24). The name epoxaiones 
(ep tar epoxide, oxa for oxasole. one for ketone; cf epothilone: ep tor epoxide, thi tar 
thiazole. one for ketone) is proposed tor this new class of compounds. These compounds 
represent a preferred embodiment of the invention. 

The synthesis of the epoxaione A series was based on our olefin metathesis strategy.to- 
wards epothilone A (1). This highly convergent and fiexIWe sequence led to the construc- 
tion of compounds 168, IW, 170, 171, 172. 178, 178, 177, 178, 179, and 180 in 
fashton starting with building blocks 7. 8 and 163 (Rgure 25). Thus, asymmetric aliyibora- 
tion of aldehyde 182 (obtained via the procedure by Kende el at. Tetrahedron l-etL 1995. 
36. 4741 -4744) with Brown's (♦).lpc2B(allyO in 6t20-pentan at -1 00*C furnished com- 
pound 183 in 91% yield and >98% ee. This alcohol was estertfled wtth the mixture of car- 
boxyiie adds 48 and 48 (ca. 5:3 ratio) obtained by aldol condensatton of fragments 8 and 
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to afford compounds 164 and 166 as a ca. 5:3 mixture (82% total yield). Chromatographic 
separation (flash column, silica gel, 20% EtOAc in hexanes) of this mixture gave pure dia> 
stereoisomers 164 and 168. 

Sut)iection of precursor 164 (possessing the correct C6-C7 stereochemistry) to the olefin 
metathesis reaction [RuCl2(»CHPh)(PCy3}2. CH2Ci2. 25*C] resulted in the fonnation of 
cyclic olefins 166 (40% yield) and 167 (29% yield) which were chromatographically sepa- 
rated (flash column, silica gel. 20% EtOAc in hexanes, 1 :1) (Figure 26). Exposure of 166 to 
20% trifluoroacetic acid in CH2CI2 at 25*C furnished diol 166 in 89% yield. Similar treat- 
ment of 167 led to 160 (95% yield). Epoxidation of 168 with methyi(trilluoromethyi)dioxirane 
furnished epoxides 161 (34% yield) and 170 (15% yield) whiett were separated by prepara- 
tive layer chromatography (silica gel. 75% EtOAc in hexanes). Similar treatment of 160 led 
to epoxides 171 (25%) and 172 (20%) (as illustrated in Figure 26). 

A parallel sequence starting with diastereoisomer 168 led to the 6S.7R series of epoxalones 
1 78-1 80 as summarized in Figure 27. 

The synthesized compounds (161, 168, 160, 170, 171, 172, 178, 176, 177, 178, 170, and 
180) were tested for their tubulin assembly properties using the RItration-Colorimetric Assay 
(outlined vida infra) at 20 mM concentrations at 30*C and with pure tubulin. The moat po- 
tent ones (161 . 168, 160. 171 and 172) were then assayed at 0.1 , 1 .0, 2.0, 3.0, 4.0 and 5.0 
mM concentrations under the same conditions leading to the plots shown in Figure 28. 
Thus, both epoxalones 161 and 171 were found to be more potent than Taxol in inducing 
tubulin polymerization. wherMS eompounds 168. 160 and 172 showed comparable or . 
slighlty less potencies than Taxol. The high potency of the tians-epoxide epoxalone 171 is 
perhaps the moat striWriQ obstfv«tloo in these studies and hoWa true for the corresponding 

trans-epoxides of epothUonea A and B. 

The implementation of the macrolactonization strategy towarda the oxazole series of epothi- 
lones B proceeded along a similar path developed for the corresponding thiazole series of 
epothilones. Figure 31 shows the stereoselective constwction of the requisite aldehyde 
217 and phosphonium salt 220 starting with the readily available oxazole derivative 213. 
Thus, asymmetric addition of (♦)-lpc2B(allyO to aldehyde 213 (see Figure 31). as described 
in the preceding section gave alcohol 214. Sllylation of 214 with TBSO (for abbreviations, 
see description of figures) and imidazole gave 99% yield of sllylether 215. Selective dihy- 
M^^n «f th* tarminai olefin in 215 emotoyino the Upjohn procedure (NMO-OsO« cat.). 
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followed by Nal04 cleavage of the resulting diol led to aldehyde 21 7 in excellent yield 
(93%). Reduction of the aldehyde group in 21 7 with NaBH4 (99% yield) followed by expo- 
sure to Ph3P-l2-iniidazoie furnished iodide 219 (87% yield) via primary alcohol 218. Finally, 
heating of 219 with PhsP at 100 ''C gave phosphonium salt 220 in 90% yield. 

In order to obtain both the 12E- and 12Z-isomers of epothilone B analogs, we initially under* 
took the non*8tereoselective synthesis depicted in Rgures 32 and 33 in which the first step 
involves a WitUg reaction, yielding a 1 :1 mixture of geometrical isomers. Thus* generation of 
the yiida from phosphonium salt 220 by the action of NaHMDS in THP at *20 *C, followed by 
addition of ketone 221, furnished compound 222 in 68% yieUl as a 1:1 mbdure of E:Z iso- 
mers. Preparalion of the desired aldehyde 224 from 222 required selective desiiytaiton of 
the primary hydroxyl group (CSA, CH2Ct2-MeOH, 0 to 25 92% yield) and.oxidation of 
the resulting alcohol (223) with SOa^pyr.-OMSO-EtsN (98% yield). 

■ 

Th« condensation of aldohydo 224 (mbctura of 12E- and 12Z*gaometrical isomers, Figure2 
32 and 33) witti the atnon derived from ketone (LOA, THF) proceeded smoothly at -78 *C to 
aflbrd a mixture of diastereomeric aldols 226 and 227 (ea 4:1 ratle) in 73% combined yield. 
Chromatographic separation (silica, preparative layer) ted to pure 2226 and 227. each con* 
slating of E- and Z- geema t ri ea l iaomers (ca. 1 :l ). Only the 6a7S diaatereoisomer 226 
(less polar mixtura of 012.13 gaometrieai iaomers) waa talcen forward (polarity and compa* 
riaon with the natural sariea waa uaed as a guide to chooae the desired 6R.7Srdia8tereoiso- 

mer at thia stage). The geometrical isomers were separated after the macroiadonizalion 

reaction (vide infira). 

The naod taak in the aynthasia waa to prepare hydroxyadd (Figure 33). To this end. the hy- 
droxy 90up m 226 was ailylatad crBSOTf-2.6-lutidine. 96%) to afford tris(silytether) and 
U ion lalaclhiBlif daprotaetad at the primary position by exposure to CSA in MeOtH-.CHiOt at 
0 to 2S *C leading to 228 (88% yield). A stepwise protocol waa used to oxidiza primary al- 
cohol to tha deatrad caiboxyllc add: (I) (C<X02-OMSO.El3N. -78 to 0 -C. yielding aidehyd 
(94% yield): and 00 rtea02-2-nwthyl-2-butane. NaHjPO* furnishing add (99% yield). Se- 
lectlva desilyiatton at the allylic position with TBAF In THF than gave hydroxyadd in 78% 

yield. 

YanwguchI macrolactonizatlon of hydroxyadd aa in the natural seriee (2,4.6.trichloroben20- 
yichioride-ElJ^OMAP. dButton, 25 •C). fbllowed by preparatlva thin layer chromato- 
graphy (silica. 20% ether/haxanes) lad to ladonea 229 (Rf - 0.24. 35%) and 230 (Rf - 0.20. 
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42%). The identity of 229 was proven by comparison with an authentic sample prepared by 
a stereoselective route. Oeprotection of 229 and 230 was carried out with HPpyr. in THF at 
25 ''C and furnished diols 231 (62% yield) and 232 (82% yield), respectively. Finally, epoxi- 
dation of 231 and 232 with mCPBA in CHQs at 0 ''C furnished the corresponding a- and 

epoxides (2^30, 40% total yield, ca 5:1 ratio, and 3U32. 45% total yield, ca 6:1 ratio). The 
stereochemical assignments shown in Rgure 33 for these compounds are tentative and are 
exclusively based on comparisons with the series related to natural epothiione B. 

A stereoselective synthesis of the D12t13-series of the oxazole-containing epothiiones 
(231 , 233 and 234) was also developed and is shown in Schemes 33, 34 and 35. Thus, the 
desired geometry of the D12,13 position was fbced by condensation of the stabilized ytide 
(Rgure 34) with aldehyde 21 7 (benzanet D)* a reaction that led to 90% yield of compound 
237. Subsequent reduction of the ester group of 237 (DiBAU CH2CI2, *78 *C, 99% yield), 
chtorination (PhsP. CCI4, D, 81%). and further reduction (UEtsBH, THF, 0 ^C, 97% yield) 
furnished intermediate 240 via allyttc alcohol 238 and chloride 239. Selective hydroboration 
of 240 at the terminal olefin site was achieved by the use of 9-BBN. and after oxidative wortc 
up, primaiy alcohol 241 was obtained in 92% yield. Conversion of 241 to iodide 242 was 
subsequently carried out by the standard l2-lmidazole-Ph3P procedure (88% yield). The io- 
did -242 was then used to aiicylate the SAMP hydrazone (LOA. THF. -100 to '20 *Q. fumi* 
shing hydrazone 243 in 70% yield. The latter compound (243) was then transfbnned se- 
quentially to nitrile 244 (MMPP. MeOH-phosphate buffer pH 7. 0 *C. 46% yield), and thence 
to aldehyde 224 (DIBAL toluene. -78 *C. 84% yield). 

The aidol condensation of the lithioderivattve of the Ketone with stereochemically homoge- 
neous aldehyde 224 (Rgure 39) proceeded in a similar fashion to the case of the &Z mix- 
ture described above, leading to pure compounds 24S and 246. After chromatographic se- 
paration, the pure 6R.78-dlaatareoisomef 245 {tentative assignment of stereochemistiy ba- 
sad on polarity (leaa poiai) and oompariaon to the natural series] was taken through the se- 
qufljnce. and on to the llnai products 233 as detailed in Rgure 35. 



metathesis approach to epothiiones, we have synthesized a series of 
lining epothiione A analogs. These compounds considerably enrich th< 
ibrariee in terms of molecular diversity and numbers. Biological invest!- 
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gatjons with thes analogs established useful structure-activity relationships within this im* 
portant class of compounds. Interestingly, while the oxazoie series of contpounds exhibited 
comparable tubulin polymerization activity and cytotoxicity to the corresponding thiazole se- 
ries, the 4.4*ethano-epotinilones proved inactive. These results underscore the importance 
of conformational precision in these compounds for biological action. 



Following tiie same retrosynthetic rationale as the one outiined above for the oxazoie ana- 
logs, the 4.4-ethano epothiione A was analyzed as shown in Rguns 40. This time, the ana- 
lysis led to building blocks 271 , 7 and 272. The latter compound (272) was easily traced to 
^ketoester 275 via intermediates 273 and 274. The fbnMfard construction of 267 and its 

congeners proceeded as follows. 

We began with the synthesis of cydopropyt-ketoadd 31 (Figure 41 ). Thus, reaction of 1 ,Z- 
dibromoethane with ethyl propionylacetate (275) in the presence of K2CO3 at ambient tem- 
perature resulted in the tormation of cydopropyi ketoester 276 (60% yield). Reduction of 
the ester- and keto- groups with IJAIH4 (93% yield) fbllowed by Swem oxidation of the re* 
suiting diol [(COCO2; OMSO; Etghq furnished ketoaldehyde 274 in 64% yield. Chemo- and 
stereoselective addition of (<t>)-lpc2B(allyi) to aldehyde 274 (>85% ee by Mosher ester ana- 
lysis), followed by siiylation (TBSOTf; 2.6-lutidine) of the generated secondary alcohol, gav« 
silyi ether 273. Finally, cleavage of the tenninal olefin in 273 with Nal04 in the presence of 
catalytic amounts of RuCt3*H20 in MeCN-H20Ca4 (2:3:2) at 25 'C yieMed the desired k» 
toacid 272 in 43% overall yield from cydopropyi ketoaldehyde 274. 

The dianion of ketoadd 272 (II)A in THF at -30 *Q reacted with aldehyde 7 to form aldols 
270 and 277 in ca. 2:3 (ratio by ^ H NMR) (Figure 42). The coupling of the mixture of 270 
and 277 with ftagment 271 was fadiitited by EOC and 4-OMAP and the resulting hydroxy- 
esters were chromatographically separated to afford pure 269 (15%) and 278 (36%). 

Ring closure of advanced intennediate 269 and epoxWation of the desilylated cydlc diols 
are shown in Rgure 43. Thus, stirring of 269 with R\ia2{^Hf^)(POiii2 c^^^ 
CH2a2 at 25 'C fbllowed by chromatographic separatien (siUca gel. preparative thin layer) 
furnished ds- and trana-oleflns 268 (37% yieW) and 279 (38% ylaW). respedlvely. The cor- 
responding diols 280 (65% yield) and 281 (62% yidd) wire obtained by treating the respec 
tive silyl ethers with 25% HFw- THP « ambient temperature. Finally. epoxidaBon of 
260 wMh methyl (trWuoromelhyOdloxirane gave epoxidee 267 (or 282) (50% yidd) and 282 
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(or 267) (29% yield), whereas similar treatment of 281 furnished 283 (or 284) (11% yield) 
and 284 (or 283) (31% yield). The stereochemistry of epoxides 267, 282-4 is unassigned. 
The other aldol product compound 278, was processed in a similar way as described abo- 
ve for 269, furnishing the 4,4-ethano-epothilone A analogs 287-292 as shown in Rgure 44. 
Again, the stereochemical details of these compounds remain unassigned. 

B. Macrolactonization Approach 

The 4,4-ethano analogs of epothilones B were designed in order to test the tolerance of the 
receptor site for the substitution of the genrHMmethyt group of the natural substance. As the 
retrosynthetic analysts of Rgure 45 succinctly shows, the requisite fragments for the synthe- 
sis of the designed 4,4-ethano-epothilone B (267) and its relatives^ are defined as frag- 
ments 75 and 294. The synthesis of building block 294 was described in conjuction with the 
stereoselective total synthesis of epothHone B, whereas that of building block 1294 is shown 
in Rgure 46. 

Thus, the ketocyclopropane derivative 273 (Figure 46). descrit)ed in the preceding section 
was subjected to ozonolysis and subsequent reduction with Ph^P to aflord aidehyde 295 In 
90% yield. Further reduction (ljAI(0tBu)3H. THF. -78 *C]. followed by silylation of the resul- 
ting primary alcohol 296 (TBSCI. Et^K 4>DMAP) furnished ketocyclopropane fragment 294 
in 83% overall yield. 

Figure 47 details the coupling of fragments 294 and 75 and the assembly of a series of 4.4- 
ethano-epothilone B anak)gs. Thus, generation of the lithium enoiate of ketone 294 with 
LOA in THF at -78 *C to -60 *C. fbllowed by addition of aldehyde 75 resulted in the fbnna- 
tion of aldols 297 and 298 in ca 1 :2 ratio and 71% total yield. Stereochemical assignments 
were based on a X-ray crystallographie analysis of a subsequent intermedate. and will be 
discussed below. The dMsrenoe in the ratio of aldol products between fragments 298 (ca 
1 :2. Figure 47) and 297 (ca 4:1. see Figure 36) is rather striking, and it may have its origin 
in the effect of the cydoprepane ring on the transition state of the reaction. The two diaste- 
reomeric aidol products 297 and 298 were ehromatographically separated (silica, flash co- 
lumn chromatography) and processed separately in order to obtain both the 6S,7R and 
6R.7S series of compounds. 

Thus, stereoisomer 297 (Figure 47) was silylated with TBSOTf and 2.6-lutidine affording 
tris(8ilylether) 299 In 92% yield, and then exposed to the action of CSA in CH2CI2:MeOH at 
0 to 25 *C to give hydroxy bis(silytether) 301 (74% yield) in which only the primary hydroxyl 
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group was liberated. Stepwise oxidation of 301 with: (i) (COCO2. DMSO, EtaN, -78 to 0 ''C, 
96% yield, and (ii) NaCIOa. 2-methyi*2*butene. NaHtPOA. 91% yield, gave sequentially alde- 
hyde 303 and carboxylic acid 305. Selective desilytation of 305 with TBAF in THF at 25 ''C 
furnished the desired hydroxyactd 293 in 62% yield. 

The intended macroiactonization of 293 was accomplished by the Yamaguchi method 
(2.4,6-trichlorobenzoyichloride. EtsN, 4-OMAP. toluene. 25 'C. high dilution), furnishing 
compound 308 In 70% yield. Exposure of 308 to HF«pyr. in THF at 25 *C resulted in the re- 
moval of baVn siiyi groups, leading to diol 268 in 92% yield. Finally, epoxidation of 268 with 
(trifUjoromethyl)methyldl(»irane in MeCN resulted in the formation of epothilone B analogs 
267 and 311 in ea 8:1 ratio (by 1HNMR) and 86% total yield. Preparative thinlayer 
chromatography (silica, 5% MeOH in CHaCIa) gave pure epothilone B analogs 267 and 312. 



The same chemistry was performed with diastereoisomer 298 (Figure 47) leading to epothi- 
lone B analogs 310. 312 and 313 via intermediates in similar yields to those described for 
297. The latter compound (309) crystallized as long needles from MeOH-EtOH (mp. 1 57 *C) 
and provided for X-ray crystallographic analysis which revealed its stereochemical structure 
(see ORTEP drawing in Rgure 48). 



Example 6. Solid Phase svnthaaia of d aaianad eocthitene analogs baaed on 

combinatorial aporoach. tubulin aaae mbh/ ofooertlaa of comoounds 
and cytotoxic a ctions aoainat tumor call lines aa illuatratad in Ftoures 



n this example, we iUustrata (a) the solid phase synthesis of several epothilone A analogs 
aased on a combinatorial approach; (b) the tubulin assembly properties of an extensive 11- 
arary of CMnpounda; and (e) the cytotoxic actions against breast and ovarian carcinoma 
sells (including a number of Taxoi-resistant tumor ceM llnee) of a selected number of thes 
jesignad epothilonet. The results provide comprehensive information on structure-activity 
reiationahips of epothilones and set the foundation for their further development 

rhe structures of epothilones are amenable to modification by changing the configuration of 
certain stereocentera, the geometry of the double bonds, the size of the rings, and the natu- 
re of their substituents. Our synthetic strategies towards these molecules were, therefbre, 
designed on the premise of modifying these elements so as to reach optimum molecular di- 
«^ersity and obtain a maximum number of library members. Figure 64 includes the structures 
of an epothilone library obtained by solution and solid phase combinatorial methods as de- 
*eiihma vidm auorm. Biolooical screening of these compounds was expected to lead to th 
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establishment of sufficient stnjcture-activity relationships to allow th next phas of the pro- 
gram, the design, synthesis and identrficatton of potential drug candidates, to proceed along 
a narrower track. 

The strategy for the construction of a library of epothilone A analogs was based on our epo- 
thilone A and an established variation of solid phase synthesis using Radiofrequency Enco- 
ded Combinatorial (REC^) chemistry (Nicolaou et al. Angew. Chmt. 199S, 107, 2476- 
2479; Angew. Chem. Int. Ed. EngL IMS, 34, 2289-2291 ; Moran et al. J. Am. Chem. Soc. 
1 995, 117, ^ 0787-1 0788) . Figure 50 summarizes the synthesis of a iibraiy of 1 2, 1 3-deso- 
xyepothilpnes A from the three key fragments genericatiy denoted as 330, 331 and 332. 
Thus, SMART Microreactors^** containing Merrifield resin were smoothly converted to Micro- 
reactors 148 by chain extension and phosphonium salt formation as outlined in Figure SO 
(the reported combinatorial chemistry was perfomned using MicroKans^, while a single 
MicroTube^** was utilized to synthesize a set of four epothilones A (i.e. 422, 425, 4S5 and . 
460, Figures 64 and 65)). Phosphonium salt resin 148 was then sorted according to the ra- 
diofrequency tag and treated with NaHMDS to generate the con^esponding ytkles which we- 
re reacted with the aldehydes 330. The SMART Microreactors 333 were pooled for washing 
and subsequent deprotection and oxidation to obtain the polymer-bound aktohydes 338. 
Further soriting and treatment with the dianion of the ketoadds 331 provkled the polymer 
bound carboxyiic acids 336 as a mixture of diastereoisomers. Resorting and esterificatton 
with alcohols 332 afforded dienes 337. The SMART Microreactors were separately treated 
with RuCl2(»CHPh)(PCy3)2 catalyst to simultaneously effect cyclizaUon via olefin metathe- 
sis, and cleavage of the products, leading to products as mixtures of four 12.13-desoxyepo* 
thilones A (339, 340, 341, 342). Each mixture was identified and subjected to preparative 
thin-layer chron»tography to provide pure compounds, which were indivklually deprotected 
by treatment with TFA in dichloromethane and then epoxidized accordingly. 

The epothitone library (Figurs 64) saaened for induction of tubulin assembly with 5 mM 
compound at 37 'C. Pravioualy taatad compounds fin Rgura 64) ware re-evaluated for 
comparative purpoaaa. Moat analoga were subjected to more detailed investigation in cyto> 
toxicity assays with human ovarian and breast cancer cells, including Taxol-resistant Unes, 
and a quantitative tubulin assembly assay that differentiates between potent taxoid com* 
pounds (Figure 65). It soon became apparent that compounds with assembly values below 
40% in the screen yielded high EC50 values in the quantitative assay and had little inhibi- 
tory effect on cell growth (only positive results shown in Figure 65). 

A standard glutamate assay tested the hypothesis that taxoida mora actlva than Taxol in 
tubulin assembly would also be more cytotoxic; and thia waa validated with over fifty ana- 
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logs. With the epothilones. however, the quantitative assay was less successful. A low 
glutamate concentration resulted in a high false negative rate in predicting cytotoxicity, while 
higher glutamate concentrations (e.g. 0.7 M, Rgure 65) were comparable to the screening 
assay in identifying cytotoxic analogs. If "significanT cytotoxicity is defined as an IC50 value 
below 1 0 nM, we identified nine analogs with activity against ttie breast and ovarian lines 

234, 48, 128, 171, 233, 128, 172, 71, and 231). With tt)e screening assay, there were 
no false negatives, but ttiere were seven false positives (agents with limited cytotoxicity 
yielding >40% polymerizaUon) among examined compounds. Witti the glutamate assay, 
the same results were obtained. The nine cytotoxic analogs had EC5Q values of 3.3*13 
mM, but an additional nine agents had ECsq values of 6.0-17 mM. 

Two Taxoi*resi8tant lines were generated from the 1A9 ovarian ceils, and reeistance resul* 
ted from mutations in the M40 gene, which codes for a highly expresiMd b\ isotype in the 
parental and resistant ceil lines. The altered amino acids were residue 270 in the 
1 A9PTX10 line (Phe->VaO and 364 In 1A9PTX22 (Ai«>Thr). This agreed with other obser- 
vations that the Taxol binding site is on ^tubulin. In preliminary results reported with 1 (vida 
supra) and several analogs that 1 A9PTX22 ceiis retained nearty complete sensitivity to epo- 
thilones. while 1 A9PTX1 0 cells remained partially resistant to the dnjgs. these findings 
have been confirmed (Rgure 65). The relative resistance observed with l A9PTX22 cells 
was 27-fbid with Taxol and 1 .0>2.7-fUd with the eleven cytotoxic epothiiones. With 
1 A9PTX1 0 cells, relative resistance was 23-foid with Taxol and 3.5-9.1 -fold with the epo- 
thiiones. The Taxol and epothilone binding sites could overtap. since 1 and 2 are competi- 
tive inhibitors of Taxol binding to tubulin polymer. If one assumes that Phe27o and Aia3e4 
interact directly with Taxol, the results with the resistant cells suggest that Phesro is more 
important than Ala304 in tha mtaraetion of epothiiones at the Taxol binding site. 

The data shown in Figura 64 and 65. together with previously reported results, revealed im- 
portant tntomiatton regarding stiucture-actMty relationships for in vitro tubulin polymeriza- 
tion and eytislndeity. and lead to several conclusions. That the macrocyde is important was 
confinnad by tha lack of significant tubulin polymeriralion activity of the open chain olefin 
metathesis pracufsof 4b. Inversion of the S-OH stereochemistry resulted in reduced tubulin 
polymerization potency. Intarestlngly. however. ei,^unsaturated lactones (e.g. 42 and 38) 
retained isigniflcant tubulin assembly properties (Figure 65) suggesting a confbmiational. 
rather than a direct binding effect, for this hydroxyl group. Neither 42 nor 36. however, exhi- 
bited significant cytotoxicity indicating an additional role for the 3-OH group. SubstHutlon of 
th 4-gaffHlimethyl with a 4.4-ethano moiety (e.g. 267a and 267b) resulted in loss of tubulif 
polymerization activity in aU casee. pointing to the auciaJ importance of a proper confbrma- 
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tion of epothilones Ibr bioiogicai activity. Apparently the partial sp^ character and the ac- 
companied widening of the C3-C4-CS angle introduced intolerable conformational changes 
within the macrocycle for effective interaction with tutHilin. Another dear requirement for tu- 
bulin polymerization activity was the (6/7.7S) stereochemistry as revealed by the failure of 
all {SSJR^ stereoisomers to Induce tubulin polymerization at significant concentrations (e.g. 
64, 425» 432-438, 443, 280, 312, 290, 313, 287, 310, 4S0-4B1, 464, and 37, Figures 64* 
65). Interesting, also, was the notable decrease in interaction with tubulin upon inversion of 
the C8 methyl group (e.g. 488 vt 40). imroductton of a gem^imethyl group at C8 (460 40 
and 488 vs 80). and removal of the C8 methyl group (e.g. 480 ve 40 and 486 va 40 and 

430VS88). 

The importance of the natural stereochemistry (12S,13/1) for the epoxide was demonstrated 
by the general trend of the unnatural 12R13S epoxides to exhibit lower activities in indu- 
cing tubulin assembly. Most interestingly, both the as and trans olefins corresponding to 
epothilones A and B were acth^e in the tubulin assembly assays, and the activities of the ds 
olefins were comparable to those of the natural substances. However, we found that the 
CIS and, especially, the trans olefins were signiflcantty less cytotoxic than the naturally oc- 
curring epoxidee (40 and 80 vs 1,71 and 123 m 2). Moreover, both the a- and Mpoxides 
derived from the 1 2,13 £^lefinic precursors exhibited coneiderable ability to induce tubulin 
assembly and inhibit cell gro¥Vth (86, 171 and 172 vs 1 , 128 and 126 vs 2; in fact, com- 
pound 1 28 appears to be the most cytotoxic analog from those shown in Rgure 64). 

The C1 2-methyt group consistintly bestowed higher potency to aU epothilones studied as 
compared to the CI 2-d«9>methyl counterpacts (e.g. 2 vs 1 and 233 vs 101). with the excep- 
tion of compounds SS and S7 where comparable results were obtained. Inversion of confi* 
guration at CIS led to loss of abUity to induce tubulin polymerization (141 vs48. 346 vsSO). 
Replacement of the C16-fflfllhyl with an ethyl group also reduced activity in the tubulin as- 
say (461 V949. 487 V960) suggesting that the methyl group may play a role in maintaining 
the planar confonnation of the side-chain. The inactivity of the C1 6-Cl 7 epoxides further 
supports this conclusion. The epothilone pharmacophore tolerated some heterocyde modi- 
fications. Thus, a number of oxazde derivatives exhibited activity comparable to the corres- 
ponding thiazoles. Furthennore. replacement of the thiazole with a 2-pyridyl moiety led only 
to a slight decrease in acthrtty in the tubulin assays, whereas substitution of the C23-methyl 
with a phenyl group yielded inactive compounds). Figure 63 summarizee graphically the 
stmcture-activity relationships within the epothilone family of compounds as derived from 
these and previous studies. 
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The reported work demonstrates the power of interfacing combinatorial chemistry with che* 
micai biology as facilitated by solid phase synthesis. REC chemistry and modem biological 
assays. Furthermore, this research should facilitate the process of drug discovery and de- 
velopment in the area of cancer chemotherapy. 



Sida^h 




via the SMIla CouDlina Reaction as illustrated in Fi 



In this example we report the first total syrrthesis of the naturally occurring epothilone E (R> 
gure 51) via an olefin metathesis reaction to form the maerocyde and a Stille coupling to 
construct the side chain. In addition, the developed strategy was applied to the synthesis of 
a library of analogs containing a variety of aromatic systems in place of the 2-melhylthia20l 
moiety of natural epothilone A (see Rgures 54-55). 

Rgure 51 outlinea, in retrosynthetic format, the highly convergent metathesis-Stitle strategy 
towards epothilone E and the analogs shown in Rgures 54-55. The utilization of a common 
advanced intermediate gives this Stille strategy a distinct advantage in delivering rapidly a 
plethora of side^hain modified epothilone analogs for biological screening. 

The epothilones shown in Rgures 54-55 were constructed as summarized in Rgure 52. 
Thus, alcohol 350, prepared in 91% yield by addMon of (•t-)-allyldasopinocampheyl boran 
[lcp2B(allyQ] to aldehyde 349, was coupled with carisoxylic add 349 (mbdure of C6*C7 dia> 
stereoisomers in ea. 3:2 ratio in fivor of 349) with OCC and 4-OMAP to afford ester 351 
(49% yield, after chromatographic separation from its C6-C7 diastareoisomer). Exposure of 
391 to catalytie amounts of Ru02(«CHPh)(PCy3)2 in CH2CI2 at ambient temperature resul- 
ted iii a mixture of and tnn»cydic deHns which were chromatographically separated 

4 

on silica gel Ibliowed by desiiyiation leading to diols 394 (94%) and 399 (95%). respectiv ly. 

The required stannanM were either commerdaily available, synthesized according to litera- 
ture praeadurea or by the sequences shown in Rgure 53. For the synthesis of epothilone E. 
dibramidt 398 was saiacttvely metallated with n-BuU and then reacted, in the presence of 
HMPA. with dlmathyMbrmamlde (OMF) to afford after NaBH4 reduction alcohd 390 in 93% 
overall yield. Protection of 390 as a silyi ether (TBSD, imidazole, 99% yidd) fdtewed by a 
second metailation (r>BuU) and exposure to n-Bu3Sna (95% yield) furnished after dedlyla- 
tion (TBAF, 95% yield) stannane 393. The synthesis of stannane 371 required: (I) Sono- 
gaahira coupling of dibromlde 399 with 4-pentyn.l-d l(Pd(PPh3)4-Cul, hPrzHH, 70 'C. 93% 
vield] 00 chemoselective hydrogenaUon of the triple bond (cat Pt02^2. 100% yidd); and 
reaction with MeaSnSnMes-caL Pd(PPh3)3 (toluene. 100 93% yidd). Stannane 373 
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was prepared from dibromide 388 by reaction with piperidine (60 ''C,100% yield), followed 
by palladium-catalyzed coupling with MesSnSnMes [Pd(PPh3)4, toluene, 80 ""C, 100% 
yield]. Similarly, 378 was obtained from 388 by reaction with NaSMe (EtOH, 25 ""C, 94% 
yield) followed by exposure to cat. Pd(PPh3)4 and MeaSnSnMes (toluene, 80 X, 100%). 

Attachment of the aromatic moieties to the macrocyclic framework of vinyl iodides 384 and 
355 was performed with the aromatic stannanes shown in Rgures 54-55 under palladium- 
catalyzed Stille-type conditions A Pd(PPh3)4. toluene, 100 ^C] or B [Pd(CN)2Cl2» DMF. 
25 ''C]. Rgures 54-55 include a selection of the synthesized epothilone A analogs, the 
coupling method, and the obtained yields. 

Epothilone E (388b, Figure 56) was synthesized from its desoxy analog 388a (Rgure 54) by 
epoxidation with H2O2-KHCO3-CH3CN in methanol as shown in Rgure 56 (65% yield, ba- 

« 

sed on 50% inversion). Synthetic 3S6b exhibited identical 1 H and 13C NMR spectra to 
those of the natural substance. 

Epothilone E (3S6b) exhibited 52% tubulin polymerization as compared to 76% for epothi- 
lone A, 98% for epothilone B and 50% for Taxol in the filtration«coionmetric tubulin poly- 
merization assay. 

Examples. ConatmetiQn of 26.aub8titutad epothilon aa aa llluatratd in Raurea 57-62 

In this example, a series of 26-substituted epothilones has been constructed by total syn- 
thesis involving a selective wntig oleAnation. an aldol reaction, and a maerolactonization as 
key steps. 

The approach ta the C26-modifled epothilones B. follows the same path as that developed 
for epothilone B (vida supra), and involved the fbliowring steps: (a) a stereoselective WitUg 
olefination; (b) an aidol condensation: and (c) a maerolactonization (see Rgures 57*62). 

With large quantitiat of the aUyUc alcohol 392 (Figure 37) at our disposal, our immediate 
task was the selection of a suitable group for the protection of the primary hydroxy! functio- 
nality at C26. A triphanylmethyl (trltyi) group was judged to be most useful for this purpose, 
and indeed served admlrabiy throughout the course of the synthesis. Thus, the key C7-C22 
aldehyde fragment 257 was synthesized from 251 as shown in Rgure 37. Protection of 251 
as a trityl ether (trityi chloride. 4-OMAP. OMF) furnished 252 in 99% yield. Regioseiective 
hydroboration employing 9-BBN. and an ensuing basic hydrogen peroxide work-up ted to 
primary alcohol 253 In 94% yield, which was converted to Iodide 254 by the action of Ph3P. 
iodine and imidazole in the mixed solvent system of MeCN:Et20 (3:1. 90% yield). Stereo- 
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selective alkylation of SAMP hydrazone via its lithio derivative (USA. THF. «78 to 0 X), with 
iodide 254 (-100 to -20 ^C. 94% yield, based on ca. 70% conversion) led to hydrazone 
255. The transformation of 255 to nitrile 256 proceeded smoothly under the influence of 
MMPP (91% yield), and reduction of the latter with DIBAL in toluene at -78 ""C provided th 
key aldehyde 257 in excellent yield (97%). 

The coupling of the CI *C6 ketone fragment with aldehyde 257 via a syn-selective akJol re- 
action (LDA, «-78 ""C) as shown in Rgure 38 furnished compound 258 along with its (6S,7R)- 
dtastereoisomer (85% total yield, ca. 3:1 ratio in favor of 13). Chromatographic purification 
(silica gel, 20% et20 in hexanes), followed by silylation (TBSOTf, 2,6*iutidine, methylene 
chloride, 0 ""C, 92% yieM) gave tetra(silyl) ether 259. The use of buffered pyridinium hydro- 
fluoride in THF (alternatively CSA in methylene chloride/ methanoO permitted selective de* 
silylatton of the primary TBS group (74% yieki), which was sequentially oxidized to aldehyd 
261 [(C0CI)2. OMSO, EtsN]. and thence to carboxytic acid 262 (NaCI02« 99%). Selective 
desilyiation at Cl 5 was achieved by the use of TBAP in THF provkjing the seco-acid 263 in 
89% yield. The latter compound was in turn sut)jected to the macrolactonizatton conditions 
described by Yamaguchi allowing isolation of the lactone 264 in 75% yield. Exposure of 264 
to pyridinium hydrofluoride in THF promoted concomitant removal of both the silyl groups 
and the trityl moiety* leading to trtol 268 in 78% yieM. Alternatively, treatment of 264 with 
camphorsuHbnic add in MeOH and methylene chtoride resulted in the selective removal of 
the trityl group, giving 265 in 70% yieM. Sharplees asymmetric epoxidation of 265 then gave 
26-hydroxyepothiione B (266) in 76% yield and as a single diastereoisomer (as judged by 
both TLC and 1 H NMR analysis). 

Tha raady availability of ttw abova compound 266 and intermadiatas facilitated rapid ac- 
caaatoanumbarofM«jMitutadapothilonaa. As indicatad In Rgura 57-62, aityiic alcohol 
392 waa convartad. In high yiald. to tha corresponding esters 1 0OOa-c (see Rgure 57 de- 
scription of flguraa ter explanation of steps) by reaction with the corresponding acid anhy* 
drida or cMorida under basic conditions followed by desilyiation. Mn02 oxidation of 265 
proved highly efRtient. providing a,^nsaturatad aldehyde lOOOd (step d in 85% yield. 
Further oxidation of lOOOd with NaQOa l«d to carboxylie acid 1000a (step e) (98%) which 
waa converted to methyl ester I000f (step Q by treatment with CH2N2 (80%). Methyiadon 
(NaH-Mel) and banzylation (NaH-PhCH26r) of 266, followed by desilyiation afforded metho- 
xy and benzyloxy compounda lOOOh. and lOOOi, respectively. I^aioganation (DAST or 
CCl4*Ph3p). fbllowed by desilyiation, led to chloride 387 or 398 (aa epoxide) (73% overall 
yield) or fluorida 398 (51% overaH yMd). The aldehyde obtained from Mn02 oxidation of 
403 (90%) was subjected to WWig methylenation (85%) furnishing, attar desilyiation (85%). 
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terminal olefin 1000k. Similar chemistry was employed for the preparation of epothilones 
1000a-n and 1000a'*l\ 395, 398. 401 » 404. 407, 413 and 415 as shown in Figures 57-62. 

Example 9. Construction of 14-. 15-. 17- and 18-membered ring relatives of 

This example describes the construction of 14-, 15-, 17- and 18-membered hng relatives of 
epothilone A and their desoxy counterparts have been obtained by total synthesis and bio- 
logically evaluated for their tubulin polymerization properties as shown in Figures 87-70. 

This example reveals considerable structural distortions inherent In the [14]-, [15)- and [17]- 
memt>ered ring epothiloniss. whereas the overall shape of [I8hepothilone A remained rela- 
tiv ly unchanged as compared to natural epothilone A ([1 8]-epothilone A), heightening ex- 
pectations for biological activity of the latter compound, if not for the others. 

The charted route projected epoxidation of the CI 2-C1 3 double bond of the macrocycle as 
the final step and a convergent assembly of the epothilone skeleton via a wntig reaction, an 
aldol condensation, and a macrolactoni2atk)n. This strategy required fragments 1008,. 1007 
and 1010 - Rguree 87-70(n)ade exactly as similar analogs described vida supra) or the con- 
struction of the key intermedistes 1018 and 1016 (Rguree 67-70) needed for the 14- and 
1 S-membered rings. A slightly different strategy for the synthesis of Icey building blocks 
1033 and 103S needed for the 17* and IS-nwmbered rings was adopted requiring frag- 
ments 1019, 1021 and 1022 FigurM 67-70(made exactly as similar analogs described 
above). 

Aldehyde 1006 (Figure 68) was available via a literature procedure (EgucM et al. J. Cham. 
Soc. Chem. Commun. 1904. 137-138) and served a precursor for the second required alde- 
hyde. 7. Thus, definalton of 1006. hydroboration of the resulting olefin, and oxidation of the 
resulting primary alcohol 1009 fumiahad the desired aldehyde 1007 in exceiient overall yield 
(see Rgure 68). Each of thasa two aWahydes (1006 and 1007) waa condensed separately 
with the yiide derived from phoaphonium salt 1010 (NaHMOS. THF) to afford the correspon- 
ding Z-olefins (101 1 (77%) and 1012 (83%)J as the major geometrical isomer in each case 
(ca. 9:1 ratio). The silyl group was then selectively removed from the primary hydroxyl group 
by the action of CSA leading to alcohols 1013 (81%) and 1 01 4 (61%). finally, oxidation of 
1013 and 1014 with SOa'pyr. (0MSO-Et3N) led to the targeted intermediates 1015 and 
1016 in 81 and 84% yield, respectively. 
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The revers yiide-aldehyde condensation approach shown in Figure 69 was utilized for the 
construction of advanced intenmediates 1033 and 1035. Thus, alcohol 1017 was converted 
to iodide 1018 by treatment with Ph3P-i2*iniidazole (95%) and thence to phosphonium salt 
1019 by heating with Ph^P (neat 100 ''C, 97%). A similar sequence was used to prepare 
phosphonium salt 1021 from the bromide 1020 as the intermediate. The ylides derived from 
1 01 9 and 1 021 (NaHMDS. THF) reacted with aldehyde 1 022 to produce Z*olefins 1 023 and 
1026 in 85 and 79% yields, respectively, as the major isomer (ca. 9:1 Z:E ratio). 

Each product, 1023 and 1026, was selectively desilylated at the fximary position with CSA, 
furnishing alcohols 1024 (99%) and 1027 (95%), respectively, and then converted to the 
corresponding iodides 1025 (84%) and 1028 (98%) by exposure to Ph3P*l2-imtdazoia. 

The iodides 1025 and 1028 were used to alkylate SAMP hydrazone 1029 according to the 
method of Enders, furnishing compounds 1030 and 1031 in 60 and 82% yield, respectively. 
Each hydrazone (1030 and 1031) was converted to the corresponding nitrite (1032, 99% 
and 1034. 96%) by reaction with MMPP. and then to the desired aldehydes 1033 (90%) and 
1035 (81%) by OIBAL reduction. 

Figure 70 shows the coupling of the CI -06 segment 1036 with fragments 1015. 1016. 1033 
and 1 035 and the eiaboration of the products to the targeted epothiionea. All synthesis de> 
scribed in this mample are carried out with identical conditiona and amounts as that of epo- 
thilone A and B. Thus, the enolate generated from Ketone 1036 (LOA. THF. -78 *C) reacted 
smoothly with aldehydes 1015. 1016. 1033 and 1035. affbrding compounds 1037 (71%). 
1 038 (72%), 1041 (77%) and 1042 (60%) as the aldd products together with their 6S.7R-di- 
astereoisomers (see Rgure 70 for individual yields) which were removed by silica gel chro- 
matography. These compounds were then silylated (TBSOTf*2,6-taititine) leading to tetra(si* 
lyl)ethert 1039, 1040, 1043 and 1044 in 85-95% yield. Selective removal of the siiyi group 
from the prtaiMy position with CSA led to alcohols 1045. 1046. 1048 and 1050 which were 
oxidized to the corresponding aldehydes (1047. 1048, 1051 and 1052) under 8wem condi- 
tions KCOCOyOMSO-ajNl in 85-99% yield. Further oxidation to the desired carboxylic 
acids (1053, 1054, 1057 and 1098) was achieved by reaction with Naa02 (95-98% yield). 

The carboxylic adds were then selectively desilylated at C-1 5 by the action of TBAF produ- 
cing hydroxyacids 1055. 1056. 1059 and 1060 in 77-92% yield. Ring closure of 1055, 1056. 
1 059 and 1 060 was accomplished by the Yamaguchi method as exactly described for epo- 
thiionea A and B. furnishing macrocydlc laetonee 1061. 1062. 1065 and 1066 in yields ran- 
ging from 70-82% (see Rgure 70). The siiyi ethers wer removed frtm 1061. 1062. 1065 
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and 1066 by exfX)8ure to HF*pyr. in THF. leading to [14]-. [15]-. [17]* and [1 8]-desoxyapo- 
thitones 1063, 1064. 1067 and 1068 (71*91% yield).. 

Epoxidation of [1 4]-desoxyepothilone A (1063) with methyl (trifiuoronr)ethyl)dioxirane gave 
[1 4]-epothiione A (1002) essentially as a single product (52% yield), whereas epoxidation of 
th [1 5]-desoxyepothilone A (1 064) under the sanie conditions led to a mixture of [1 5]-epo* 
thilone A (1003 or 1069) and its diastereomeric epoxide 1069 (or 1003) (70% yield, ca. 1 :1 
ratio). The [1 7]«membered ring 1067 furnished a 6:1 ratio of diastereomeric epoxides (97% 
combined yield) and the [18]-membered ring led to a ca. 2:1 ratio of products (79% total 
yield). In all cases, the isomeric epoxides were chromatographicaily separated but their 
stereochemical identities remain presentiy unassigned. 

Preliminary biological investigation with these compounds revealed significant tutMlin poly- 
merization activity for [1 8]*desoxyepothilone A (1 068) (40% as compared to 72% for epothi* 
tone A and 53% for Taxoi), but relatively weak activity for the two epimeric [18]<epothilone8 
A (1005 and 1071) and for all (14]-. [15]- and [1 7)-epothilones A (1063. 1064, 1067. 1002- 
1 004, 1 069 and 1 070) in the flitration^olorimetric tubulin assay. These results provide fur- 
ther support for the limited toterance of the epothilone pharmacophore and its highly speci- 
fic binding to the tubulin receptor. Further biological studies with 1068 and related com- 
pounds are made in analogy. 

Example 10. Biolooieal Evaluation of S ynthesized Compounds as tabulated in 



We have carried out microtubule assays following literature procedures and evaluated syn- 
thesized compounds for their ability to form and stabilize microtubules. Cytotoxtcty studies 
have also been carried out in our laboratories and preliminary data is disclosed vida infra. 

The synthesized epolhtlonea were tasted for their action on tubulin assembly using purified 
tubulin with an assay daveloped to amplify differences between compounds more active 
than Taxol. As demoratratad In Flgura 22. both epothilone B (2) (EC50 ■ 4.0 ±1 mM) and Its 
progenitor 71 (EC50 • 3.3 t0.2mM) were significantiy more active tt>an Taxol (EC50 » 15.0 
±2mM) and epothilone A (1) (EC50 » 14.0 t0.4mM), whereas compounds 128. 188 and 123 
were less effective ttwn Taxol (Un et al. Cancer Chemottter. Pharmacol. 38. 136-140 
(1996): Rogan et al. Science 244. 994-996 (1984)). 

m 

As Shown in Figure 23. cytotoxicity experiments with 1 A9, 1A9PTX10 (B-tubulin mutant). 
1 A9PTX22 (S-tubulin mutant) and A2780AO cell lines revealed a number of Interesting re- 
sults (Figure 23). Thus, despite its high potency In the tubulin assembly assay, compound 
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71 did not display tho potent cytotoxicity of .2 against 1 A9 ceils, being similar to 1 and Taxoi. 
These data suggest that while the C12-C13 epoxide^is not required for the epothilone*tu- 
bulin interaction, it may play an important role in localizing the agent to its target within the 
cell. Like the naturally occurring epothilones 1 and 2, analogue 71 showed significant acti- 
vity against the MDR line A2780AD and the altered 8-tubulin-expressing cell lines 
1 A9PTX10 and 1 A9PTX22, suggesting, perhaps, different contact points for the epothilo- 
nes and Taxd with tubulin (i-e. stronger binding of epothilones around residue 364 than 
around 270 relative to taxoids). 

See example 6 (above) tor further discussion about analogs which possess strong tubulin 
binding propertiee and that which posMS potent cytotoxic action against tumor ceil lines. 

Cclorimetric Cvtotoxicitv Asaav for Anticancer^Drua Screenin9 

The coiorimetric cytotoxicity assay used was adapted from Skehan et al {Journal of National 
Cancer //vsf 82:1107-1112, 19901). The procedure provides a rapkl, sensitive, and inexpen- 
sive method fbr measuring the ceiluiar protein content of adherent and suspension culturee 
in 96-weil microtiter platee. The method is suitable for ordinary laboratory purposes and for 
very large-scale applicattons, such as the Nattonal Cancer Institute's disease-oriented in 
vitro anticancer-drug discovery screen, which requiree the use of several million culture 
wells per year. 

In particular, culturee fixed with trichtoroacetic add were stained fbr 30 minutes with 0.4% 
(wt/vol) sulforhodamine B (SRB) diseoived in 1% acetie add. Unbound dye was removed by 
four washes with 1% acetic ackl. and protein-bound dye was extracted with 10 mM unbuf- 
ferad Tris bas* [Ms (hydroxynwttiyOafflinenwitMfl*] tor dtttrminatton of optical donsity in a 
eomputar>intarteead. 96-waH mierotitar piata raadar. Tha SRB aany raauita wara linaar with 
tha numltar of caiiaandtMith vakiaafor calluiar protain maasurad by both tha Lowry and 
Bradtord aaaayt at danaitiaa ranging from sparaa subconfluanca to muitilayarad supracon- 
fluanca Tha aignaMo^wiaa ratio at 564 nm waa approximataly 1 .5 wnth 1 .000 ^ 
Tha sanaillvity of tha SRB aaaay comparad favorably with sanaitlvitiaa of savaral fluores- 
canca asaaya and waa auparior to thoaa of both tha Lowry and Bradford assays and to 
thosa of 20 othar viaibia dyaa. 

Tha SRB assay providaa a caiorimatric and point that is nondastructlva. indafinitaiy stabla. 
and visibia to tha nafcad aya. It providaa a sansitiva maaaura of dnjg^nducad cytotoxicity, is 
usaful in quantitating donoganicity. and is wail suitad to high*voluma, autontated drug 
soaaning. SRB fluorascaa strongly wHh lasar oxcitation at 488 nm and can ba maasurad 



wo 98^5929 



84 



PCT/EP97A>7011 



quantitativeiy at the single-cell level by static fluorescence cytometry (Skehan et al {Journal 
of NationsJ Cancer Inst B2:U07-U 12, 19901)). 

Filtration Colorimetric Assay 

Microtubule protein (0.25 ml of 1 mg/ml) was placed into an assay tube and 2.5 \i\ of the 

test compound were added. The sample was mixed and incubated at 2TC for 30 minutes. 
Sample (150 |aJ) was transferred to a well in a 96*weil Millipore Multiscreen Durapore hy* 
drophilic 0.22 \im pore size filtration plate which had previously been washed with 200 ^l of 
MEM buffer under vacuum. The well was then washed with 200 I of MEM buffer. 

To stain the trapped protein on the plate, SO pi amido black solution [0.1% naphthd blue 

black (Signrm)/45% methanol/ 10% acetic ackJ] were added to the filter for 2 minutes; then 
the vacuum was reapplied. Two additions of 200 \j1 amido black destain solutkm (90% 

4 

methanol/2% acetic add) were added to remove unbound dye. The signal was quantitated. 
bv the method of Schaffner and Weissmann et al. Anal. ^OGtwn., 5ft 502-514, 1973 as 
follows: 

200 (il of elution solution (25 mM NaOhM).05 mm EOTA*50% ethanoO were added to the 
well and the solution was mixed with a pipet after 5 minutes. Following a lO-minutes incu- 
bation at room temperature. 1 50 mI of the elution solution were transferred to the well of a 
96-well plate and the absorbance was measured on a Molecular Devices MIcroplate 
Reader. 

All reactions were carried out under an argon atmosphere with dry, freshly distiiied solvents 
under anhydrous conditiona. unless otherwise noted. Tetrahydrofuran (THF). toluene and 
ethyl ether (ether) wert distUied 1t«m sodium-^enzophenone. and methylene chloride from 
calcium hydride. Anhydrous solvents were also obtained by passing them through commer- 
cially available alumina column. Yields refer to chromatographically and spectroseopicaliy 
(1 H NMR) homogeneous materials, unless otherwise stated. Reagents were purchased at 
highest commercial quality and used without further purification unless othenwise stated. 
Reactions were monitored by thin layer chromatography carried out on 0.25 mm E. Merck 
silica gel plates (60P-254) using UV Ught as visualizing agent and 7% ethanolic phospho- 
molybdic add or p-anisaidehyde solution and heat as developing agents. E. Merck sUica gel 
(60, partide size 0.040-0.063 mm) was used fbr flash column chromatography. Preparative 
thin-layer chrontatography (PTLC) separations were carried out on 0.25, 0.50 or 1 mm E 
Merck silica gel plates (60F-254). NMR spectra were recorded on Bnjker AMX-600 or AMX- 
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500 instruments and calibrated using residual undeuterated solvent as an internal referen- 
ce. The following abbreviations were used to explain the multiplicities: s a singlet d » 
doublet, t = triplet q » quartet m s muttiplet. b = broad. IR spectra were recorded on a 
Perkin-Elmer 1600 series FT-IR spectrometer. Optical rotations were recorded on a Perkin* 
Elmer 241 polarimeter. High resolution mass spectra (HRMS) were recorded on a VG ZAB- 
ZSE mass spectrometer under fast atom bombardment (FAB) conditions with NBA as the 
matrix. Melting points (mp) are unconnected and were recorded on a Thomas Hoover 
UnimeK capillary melting point apparatus. 

Synthesis of Aldehyde 7 as iUustratsd In Figure 3A. A s(^ulion of sodium bis(trimethyi- 
siiyl)amide (NsHMDS, 236 mL 1 M in THF, 1 .05 equiv) was added over 30 min at-78 *C to 
a solution of ^acytaultam 13 (synthesized according to Oppolzer et al. Tetrahedron Lett 
1989, 30. 5603-1989; Oppober, W. Pure & Appi. Chem. 1990. 62. 1241-^1250) (61.0 g. 
0.225 moO in THF (1 .1 L. 0.2 M). After stirring the resulting sodium enolats solution at -78 
''C for 1 hour, freshly distilled 5-iodo-1 -pentene (58 mt^ 0.45 moi. 2.0 equiv) in hexamethyi* 
phosphoramid« (HMPA, 1 17 mU 0.675 moi. 3.0 equiv) was added. The reaction mixture 
was allowed to slowly warm to 25 *C. quenched with water (l .5 L) and extracted with ether 
(3 X 500 mL). Drying (MsS04) and evaporation of the solvents gave crude sultam 14 (76.3 
g), which was used without further purification. A pure sample of 14 was obtained by pre- 
parative thin layer chromatography (250 mm silica gel plat*. 1 0% EtOAc in hexanes). Step 
2. (Reductive Claavage of Suitam 14). A solution of cmde sultam 14 (76.0 g. 0.224 moO In 
ether (200 mL) was added to a stirred suspension of lithium aluminum hydride (LAH. 9.84 g, 
0.246 md. 1.1 equiv) in diathyieiher (ether) (900 mg at -78 'C. The reaction mixture was 
stirred at -78 *C fbr 1 5 mm. quenched by addition of water (9.8 mL) and warmed to 0 *C. 

Sequential addition of 15% aquaoua sodium hydroxide solution ^.8 mL) and water (29.4 
mg was foaowad by warming the reaction mixture to 25 *C. After stirring for 5 h. the alu- 
minum aalli war* removed by filtration through ceiite. the filtrate was dried (MgS04) and 
the solvont was romovad by distmaOon under atmospheric prsssure. Vacuum distillation 
(bp. 8S *C / 8 mm HQ) fUmished pure alcohol 1 5 as a coioriess oil (1 7. l g, 80% from sul- 
tam). Step 3: To a solution of alcohol 1 5 (0.768 g. 6.0 mmoO in methylena chloride (30 mt 
0.2 M) were added powdered 4 A molecular sieves (1 .54 g), 4-methyimorphollne N-oxide 
(NMO, 1.06 g. 9.0 mmol, 1.5 equiv) and tetrapropylammonlum pamithenata (TPAP, 0.105 
g, 0.3 mmol, 0.05 equiv) at roorn temperature. After stirring fbr 30 min. the disappearance 
of stamng material was indicated by TLC. Ceiite was added (l .54 g) and the suspension 
was flitared through sUica gel and eluted with methylene chloride. The solvent was carefuiiv 
distiiled off under atmospheric pressure to yield aldehyde 7 (0.721 g. 95%) as coioriess oil. 
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Synthesis f Alcohol 18a m illuatrattd in Rgurt 3B. (Silyiation of alcohol I6a). Alcohol 
16a (5.0 g. 0.068 mol; glyctdol; Aidrich/Sigma) was dissolved in OMR (70 mL. 1.0 M), the 
solution was cooled to 0 "C and imidazole (9.2 g, 0.135 mol, 2.0 equiv) was added. After 
stirring for 10 min. tert-tMJtylchlorodiphenytsilane (TPSQ, 24 mL, 0.088 mol, 1.3 equiv) was 
added and the reaction mixture was allowed to stir for 30 min at 0 "C and for 1 h at 25 "C. 
Ether (70 mL) was added, followed by saturated aqueous NaHCOs solution (70 mL). The 
organic phase was separated and the aqueous layer was extracted with ether (50 mL), 
washed with water (2 x 120 mL) and with saturated aqueous NaCt solution (120 mL). The 
organic extract was dried (MgS04), filtered through celite, and the soiventB were removed 
under . reduced pressure. Rash column chromatography (silica gel, 5% EtOAc in httcanes) 
provided silyl ether 17a (18.9 g. 90%). Step 2. Silyiation of alcohol 16b. Fbilowingthe pro- 
cedure described for the synthesis of silyl ether 17a. alcohol 16b (5.0 g, 0.068 mol; 
Aldrich/Sigma) in OMF (70 mL. 1 .0 M) was treated with imidazole (9.2 g, 0.135 mol. 2.0 
equiv) and tert-butylchlorodiphenylsilane (24 mL, 0.088 mol. 1.3 equiv) to yield silyl ether 
1 7b (1 9.8 g, 94%). Rf « 0.28 (5% EtOAc in hexanes). Step 3. Opening of Epoxide 1 7a 
with Vinylcuprate. To a solution of tatravinyttin (3.02 mL. 16.6 mmol. 1.25 equiv) in THF (44 
mL) was added n-butyllithium (41 .5 mL, 1 .6 M in hexanes, 5.0 equiv) at -78 *C and the re- 
action mixture was stirred for 45 min. The resulting solution of vinyillthium was transferred 
via cannula to a solution of azeotropically dried (2 x 5 mL toluene) copper(l) cyanide (2.97 
g. 33.2 mmd, 2.5 equiv) in THF (44 mg at -78 *C, and the mixture was allowed to warm to 
-30 *C. Epoxide 1 7a (4.14 g, 13.3 mmoO in THF (44 mL) was transferred via cannula to 
this vinyl cuprate solution, and the mixture was stirred at -30 *C for 1 h. The reaction mix- 
ture was quenched with saturated aqueous-NH«0 solution (1 50 mL). filtered through celite, 
extracted with ether (2 X 100 mL) and dried (MgS04). After removal of the solvents under 

reduced pressure, flash column chromatography (silica gel, 3% EtOAc in hexanea) furni- 
shed alcohol 1 8a 

Synthesis of Aleohol 18b as iniMtratod In Figure 3B. Opening of Epoxide 1 7b with 
Vinylcuprate. Following the procedure described for the synthesis of alcohol 18a, spoxide 
17b (1.97 g, 6.3 mmol, starttng from commsricslly availabis I6b in lieu of I6a) yielded 
alcohol 18b (1 .78 g, 83%). 

* 

Synthesis of Keto Add 21 sa illuttrated In Rgure 3C. Homer-Wadsworth-Emmons Reac- 
tion of Aldehyde 12 with Phosphonate 19. A solutfon of phosphonate 19 (23.8 g, 94 mmol. 
1 .2 equiv: Aldrich) in THF (1 00 mL) was transferred via cannula to a suspensjon of sodium 
hydride (60 % dispersion in mineral oil. 5.0 g. 125 mmol. 1 .6 equiv) In THF (200 mL) at 25 
•C. After stirring tor 1 5 min, the reaction mixture was cooled to 0 'C, and a selutton of aide- 
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hyde 1 2 (10.0 g. 78 mmol; synthesized according to Inuka. T.. and Yoshizawa, R. J. Org. 
Chem. 1 967, 32. 404-407) in THF (20 mL) was added via cannula and the ice-bath was 
removed. After 1 h at 25 'C, TLC indicated the disappearance of aldehyde 1 2. The mixture 
was then separated between water (320 mL) and hexanes (100 mL). The aqueous layer 
was extracted with hexanes (100 mL) and the comlxned organic layers were successively 
washed with water (200 mL) and saturated aqueous NaQ solution (200 mL). Drying 
(MgS04), concentration under reduced pressure and purification by flash column chromato- 
graphy (silica gel, 10 % EtOAc in hexanes) yielded keto ester 20 (17.4 g, 99%) as a yetiow 
oil. Step 2. Hydroiysia of Keto Ester 20. Keto ester 20 (1 7.4 g, 77 mmol) in methylene 
chloride (39 mU 2 M) was treated with trifluoroacetic add (TFA, 39 mU 2 M) at 25 X. 
Within 30 minutes TLC indicated disappearance of the ester. The mixture was concentrated 
under reduced pressure, dissolved in saturated aqueous NaHCOa solution (20 mL) and 
washed with ether (2 x 20 mL). The aqueous phase was then addifled to pH - 2 with 4 N 
HO, saturated with NaO. and extracted with EtOAc (6 x 20 mL). The organic layer was 
dried (MgSO.) and concentrated under reduced pressure tt> give pure keto acid 21 (13.0 g. 
99%) as a dear oil. which solidHled on standing. 

Syntheala of Dlenea 23 and 24 as iUuatrated In Figure 4. EOC Coupling of Alcohol 1 8a 
Keto Add 21 . A solution of keto add 21 (2.43 g. 14.3 mmol. 1 .2 equiv). 4-(dimethyiami- 

(4-OMAP. 0.145 g. 1.2 mmd, 0.1 equiv) and alcohol 18a (4.048 g. 1 1 .9 mmol, 
^) in methylene chloride (40 mL. 0.3 M) was cooled to 0 'C and then treated with 1- 
(3-dim6thylaminopfOpyO*3-carbodiimide hydrochlonds (EOC. 2.74 g. 14.3 mmd. 1.2 
. Ths resction mixture was stirred at O'C for 2 hand then at 25 °C for 12 h. The so- 
lution was concsntristsd to dryness in vacuo, and ths rssidue was taken up in EtOAc (10 
mL) and water (10 mL). The organic layer was separated, washed with saturated NH4CI 
solution (10 mg and water (10 mgsnd dried (MgS04). Evaporation of the solvents (dlo> 
wed by flash column chfomatography (sUica gel. 4% EtOAc in hexanes) resulted in pure 
keto estsr 22a (5.037 g. 85%). Slop & Aldol Condensation of Estsr 22a with Aldshyde 7. 

A solution of koto ostw 22a (1.79 g. 3.83 mmol. 1.0 squiv) in THF (15 mL) wss sdded via 
cannula to a fMly preparod solution of lithium diisopropylamide (LOA; fomied by addition 
of n-BuU (2.83 mL, 1 .5 M solution in hexanes. 4.58 mmd. 1 .25 equiv) to a solution of daso- 
propylamine (0.61 mL 4:36 mnid. 1 .2 equiv) in THF (30 mU at -1 0 'C and sdrring for 30 
mln]at-78'C. After 15 min the reaction mixture was allowed to wann to -40 'C and was 
stirred fbr 45 min. The readlon mixture was cooled to -78 "C and a solution of aldehyde 7 

(0.740 g. 5.6 mmd. 1.6 equiv) in THF (15 mL) was sddsd dropwiss. The resulting mixture 
was stirred fbr 15 mIn. then wanned to -40 oC fbr 30 min. cooled bad( to -78 'C and then 

ouanehed bv slow addition of saturated aqueous NH4a sdution (10 mL). The reacdon mix- 
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ture was warmed to 25 ^C, diluted with EtOAc (10 mL) and the aqueous phase was extrac- 
ted with EtOAc (3x10 mL). The combined organic layers w re dried (MgS04), concentra- 
ted under reduced pressure and sul^ected to flash chronmtographic purification (silica gel, 
5 /E 20% EtOAc in hexanes) to afford a mixture of aldol products 23 (926 mg, 42%) and 24 
(724 mg. 33%), along with unreacted starting keto ester 22a (178 mg, 10%). 

Synthesis of Hydroxy Lactone 28 aa Illustrated In Figure 4. Olefin Metathesis of Oiene 

23. To a solution of diene 23 (0.186 g, 0.3 mmol) in methylene chloride (100 ml^ 0.003 M) 
was added (RuCl2(»CHPh)(PCy3)2 (» bi8(tricyclohexylphosphlne)t)enzylldine ruthenium 
dichloride) 25 mg, 0.03 moi. 0.1 equiv; availat>le from Aldrich) and the reaction mixture was 
allowed to stir at 25 ""C for 12 h. After the completion of the reaction was established by 
TLC. the solvent was removed under reduced pressure and the crude product was purified 
by flash chromatography (silica gel. 30% EtOAc in hexanes) to give trans-hydroxy lactone 

■ 

25(151 mg. 85%). 

SynttMSis of Hydroxy Laetono 26 u lllustratod In Rguro 4. Otefln Metathasis of Oiene 

24. Following the procedure described above for the synthesis of hydroxy lactone 25, a so* 
lution of diene 24 (0.197 g, 0.32 mmol) in methylene chloride (100 mL, 0.003 M) was trea- 
ted with RuCl3(<iCHPh)(PCya)a (26 mg. 0.032 moi. 0.1 equiv). to produce, after flash chro- 
matography (sUica gel. 1 8 >E 25% EtOAe In hexanes). trans-hydroxy lactona 26 (1 50 mg. 
79%). 

Synthaala of DIel 27 as iUiMtrated In ngura 4. Oeeilylation of TPS Ether 25. A solution 
of TPS ether 25 (1 45 mg. 0.23 mmol) in THF (4.7 mL, 0.05 M) was treatod with glacial 
acetic acid (70 mL, 1 .1 5 mmol, 5.0 equiv) and tetrabutylammonium fluoride (TBAF. 490 mL. 
1 M solution in THF, 0.46 mmol, 2.0 equiv) at 25 *C. After stirring for 36 h. no starting mate- 
rial was detected by TLC and the roaetion mixture was quenched by addition of saturated 

aqueous NH4CI (10 mL). ExMiont wtth ether (3 x 10 mL). drying (MgSO*) and concentra- 
tion was followed by flash chromatographic purification (silica gel. 50% EtOAc in hexanes) 
to provide diol 27 (78 mg, 92%). 

Synthesia of DM 28 as Uustrstad In Rgure 4. Oesilylabon of TPS Ether 26: In accor- 
dance with the procedure describing the desitylation of TPS ether 25 using a solution of 
TPS ether 26 (31 mg. 0.05 mmol) in THF (1 .0 mL. 0.05 M). 

Synthesis of Estsr 22b ss Ulustrated In Rgure 5. Compound 22b was synthesiied accor 

Aimm *M MtA nM«<>A<4iiM •* HMMlhiMl flhAVA fsf FstAT 22* USlnO 18b InStSad Of 16S. 
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Synthesl of diMWt 29 and 30 as iilustratad in Rgurt 8. Compounds 29 and 30 were 
synthesized according to the procedure as described above for 23 and 24 using 22b in> 
stead of 22a. 

Synthesis of Hydroxy Lactone 31 as iliustratsd In Rgurs 8. Compound 31 was syntttesi- 
zed according to the procedure as described via supra for 28 and 26 using 29 instead of 23. 

Synthesis of Hydroxy l.actone 32 as illustrated in Rgurs 8. Compound 31 was synthesi- 
zed according to the procedure as described via supra for 28 and 26 using 30 instead of 24. 

Synthesis of Hydroxy Adds 33 and 34 as iliustratsd In Rgim 9. Aldot Condensation of 
Add 21 with Aldehyde 7. A solution of l(eto add 21 (782 mg. 4.42 mmoi. 1 .0 equiv) in THF 
(22. mL) was addsd dropwise at -78 *C to a freshly prepared solution of IDA {formed by ad* 
dition of n-BuU (6.49 ml^ 1 .6 M solution in hexanes, 10.4 mmoi, 2.35 equiv) to a solution of 
diisopropylamins (1 .43 ml, 10.2 mmol, 2.3 equiv) in THF (44 mg at -10 '0 and stinihg for 
30 min). After stirring for 1 5 min the reaction mixture was allowed to warm to -30 *C and stir- 
red at that tempsraturs fbr 1 .5 h. The reaction mixture was cooled bade to •78 *C arid a so> 
lution of aldehyde 7 (0.891 g, 7.07 mmol. 1 .6 equiv) in THF (22 mL) was added via cannula. 
The resulting mixture was stirred for 15 min at -78 'C. then warmed to -40 oC and stirred 
for 1 h. cooled to -78 *C and quenched by slow addition of saturated aqueous NH4a (10 
mL) solution. The reaction mixture was warmed to 0 *C, and acetic add (1 .26 mL. 22.1 
mmol, 5.0 equiv) was added, Ibilowed by wanning to 25 'C. Extractions with EtOAc (6x15 
mL). filtration through a short plug of siiica gel and concentration afforded, in high yield, a 
mixture of aldoi proM» 33 and 34 along with unreacted starting add 21 in a 35:50:15 ratio 
(1 H HMP). This crude mstarisi was used without further purification. 

Synthesis of Estsrt 38 and 36 as lllustrslsd in RgiOT 9. EOC Coupling of Alcohd € 

Keto Adds 33 and 34. By snaiogy to the procedure deaeribsd above for the synthesis ot 
ester 22a, a solution of ktto adds 33 and 34 (1 .034 g eruds). 4^dimsthyiaminopyridine ( 

DMAP, 43 mg, 0.38 mmol), and alcohol 6 (1 .1 g. 5.24 mmol: synlhssizsd ss compound 
(see above); eg. siCQhol 6 as shown in figure 6 is the sams compound ss compound 91 

shown in figure 12) In mslhylsns chloride (4 mg was treated with l.ethyl-(3*dlmethylam 
propyl)-3-carbodiimids hydfochlortds (EDO, 1 .00 g. 5.24 mmoO to provids. aflar column 
chromatography (silica gel. 20% EtOAe in hexanes). ester 35 (0.567 g. 29% from keto i 
21) and ester 38 (0.863 g, 44% from keto add 21). 

ayiiinsiia of Hydroxy Uetons 37 ss illustrstsd In Rgurs 6. OMIn Metathesis of Oiei 
a« A aciutian of diene 38 (58 mo. 0.12 mmol) in methylene chtoride (129 mL. 0.001 M) 
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treated with bis(tricyciohexylphosphine)benzyiidine ruthenium dichloride 
((RuCl2(sCHPh)(PCy9)a. 10 mg, 0.0012 mmoi, 0.1 equiv; Aldrich), in accordance with the 
procedure described for the synthesis of hydroxy lactone 25. to furnish, after column 
chromatography (silica gel, 15% EtOAc in hexanes) hydroxy lactone 37 (48 mg, 86%). 

Synthesie of Hydroxy Lactone 38 aa illustrated in Rgure 8. Compound 38 was synthe- 
sized according to the procedure as described via supra for 38 using 38 instead of 38. 

Synthesis of Epothiiones 38, 40 and 41 as lliustratsd in Rgure 8. Eppxidation of trans* 
Hydroxy Lactone 37. Procedure A: A solution of trans-hydroxy lactone 37 (20 mg» 0.06 
mmol) in CHCIa (1 mL, 0.06 M) was treated with meta-chloroperbenzoic acid (mCPBA, 57- 
86 %. 1 5 mg, 0.0&O.07 mot, 0.9-1 .2 equiv) at -20 "C, and the reaction mixture was allowed 
to warm up to 0 ^C. After 12 h, disappearance of starting material was detected by TLC. 
and the reaction mixture was then washed with saturated aqueous NaHCOs solution (2 mL) 
and the aqueous phase was extracted with EtOAc (3x2 mL). The combined organic layer 
was dried (MgS04), filtered and concentrated. Purification by preparative thin layer chroma- 
tography (250 mm silica gel plate. 30% EtOAc in hexanes) furnished epothiiones 39 (or 40) 
(1 2 mg, 40%). 40 (or 39) (7.5 mg, 25%) and 41 (5.4 mg, 18%). Procedure B: To a solution 
of trans-hydroxy lactone 37 (32 mg, 0.07 mmot) In acetonitrile (1 .0 mL) was added a 0.0004 
M aqueous solution of disodium salt of ethylenediaminetetraacetic acid (NaaEOTA. 0.5 mL) 
and the reaction mixture was cooled to 0 *C. Excess of l ,1 .1 -trifluoroacetone (0.2 mL) was 
added, fbltowed by a portionwise addition of Oxone® (200 mg, 0.35 mmol, 5.0 equiv) and 
NaHCOs (50 mg, 0.56 mmol. 8.0 equiv) with stirring, untU the disappearance of starting ma- 
terial was detected by TLC. The reaction mixture was then treated with excess dimethyl 
sulfide (150 mL) and water (1.0 mL) and then extracted with EtOAc (4x2 mL). The com- 
bined organic layer waa dried (MgSOi). filtered, and concentrated. Purification by prepare- 
tlye thin layer chromatography (2S0 mm silica gel plate, 70% EtOAc in hexanes) provided a 
mixture of diastereomarie epoxidas. epoxide 39 (or 40) (l 5 mg, 45%) and o-isomaric 

epoxide 40 (or 39) (B.2 mg. 28%). 

Syntheala of Epethttonaa 42, 43 and 44 aa llluatrated In Rgure 6. Compounds 42, 43, 
and 44 were synthesized according to the procedure as described above for 39, 40 and 41 
using 38 instead of 37. 

Syntheala of Hydroxy Kato Adda 48 and 46 aa llluatrated in Rgura 7. Compounds 48. 
and 46 were synthesied according to the procedure as described above for 33 and 34 
using 8 instead of 21 . 
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Synthesis of Hydroxy E«tora 4 and 47 as iliustratad in FIgurt 7. Compounds 4 and 47 
were synthesized according to the procedure as described above for 38 and 36 using 45 
and 46 instead of 33 and 34. 

Synthesis of Hydroxy Lsetonss 3 and 48 as illustrated in ngurs 8. Cyclizatton of Oien 
42 via Olefin Metathesie was performed using conditions as described for the conversion of 
23 to 25 above substituting 4 in lieu of 23 to form 3 and 48. 

Synthesis of els>Oihydroxy Lsetonss 49 snd 80 ss lllusiratsd In Rgure 8. Oesilyiation 
of Compound 3 and 48: Compounds 49 and 80 were synthesizsd according to the proce- 
dure as dsscribed above for 28 and 28 using 3 and 48 Instead of 28 and 28. 

Synthesis of Epothilones A (1) and 81-87 as Illustrated In Figure 8. Epoxidation of cis- 
Oihydroxy Lactone 49. Procedure A: A solution of ds-dihydroxy Isctone 48 (24 mg, 0.08 
mmoi) in CHCI9 (4.0 mlj was resctsd with msta-chioropertMnzoic add (mCPBA, S7o86%. 
13.0 rng, 0.04^.06 mmol, 0.8*1 .2.squiv). st -20 to 0 *C, according to the procedure desed- 
bed for the epoxidation of 37. resulting in the isolation of epothilone A (1) (8.8 mg, 35%), its 
isomeric a-epoxide 51 (2.8 mg, 13%). and compounds 52 (or 53) (1 .6 mg, 9%). S3 (or 52) 

(1 .5 mg. 7%), 54 (or 55) (1 .0 mg. 5%). and 55 (or 54) (1 .0 mg. 5%) (stereochemistry unss- 
signed fbr 52 and 53 and for 54 and 55), after two consecutive preparative thin layer chro* 
matographic purifications (250 mm silica gsl plate. 5% MeOH in methylene chloride and 
70% EtOAc in hexanes). Procedure B: To a solution of ds-dihydroxy lactons 49 (1 5 mg. 
0.03 mmol) in msthylsne chloride (1 .0 mL) st 0 X was added dropwrise a solution of dl- 
methyidioxirane in acetone (ca 0.1 M. 0.3 mL, ca 1 .0 equiv) untU no starting lactone was 
detectable by TLC. The solution was thsn concentrated in vacuo snd the crude product wss 

subjected to two consecutive proparatiye thin layer chromatographic purifications (250 mm 
silica gei plate, 9% lyloOH in methylene chloride and 70% EtOAe in hexanes). to obtain pure 
epothilono A (1) (7.4 mg. 90%). its isomeric a-epoxide 51 (2.3 mg. 15%). and epothilones 
52 (or 53) (0.8 mg. 8%) and 53 (or 52) (0.8 mg. 5%) (storeochsmistry unassignsd for 52 
and 53. PreoeduroC: As described in procedure B for the epoxidation of trans-hydroxy 
lactone 37. ds-dihydroxy lactone 49 (10.0 mg. 0.02 mmoi) In MeCN (200 mg wss treated 
with a 0.0004 M aqueous solution of disodium salt of ethyienediaminetotraacetic add 
(Na2E0TA. 120 mL). excess 1.1,1-trifluoroacetone (100 mL). Owne^ (61 mg. 0.10 mmd, 
5.0 equiv) and NaHCO* (14 mg. 0.16 mmol. 8.0 equiv). to yield, after purification by pre- 
parativ thin layer chromatography (250 mm silica gel plato, ether), a miJdure of dlastereo- 

meric epoxidee, epothilonee A (1) (6.4 mg, 62%) and a-isomsric spoxids 51 (1 .3 mg. 13%). 
Procsdure 0: A solution of ds-dihydroxy lactone 49 (1 8 mg. 0.037 mmoO In CHCI9 (1 .0 mg 
was treated with meta-chloroperbenzoic add (mCPBA. 57-88 %, 15 mg, 0.0494).074 mmol. 
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1 .3-2.0 equiy), according to the procedur d scribed for the epoxidation of 37, furnishing 
compounds 1 (2.7 mg. 15%). 51 (1 .8 mg. 10%). 52 (or 53) (1 .8 mg. 10%). 53 (or.52) (1 .4 
mg. 8%). 54 (or 55) (1.4 mg. 8%). 55 (or 54) (1 .28 mg. 7%). 56 (0.9 mg. 5%). and 57 (0.9 
mg, 5%) (stereochemistry unassigned for 52-57), after two consecutive preparative thin 
layer chromatographic puriiRcations (250 mm silica gel plate. 5% MeOH in methylene chlo- 
ride and 70% EtOAc in hncanes). Epothilone A (1). 

Synthesie of Compounds 54, 55, and 57 as iliuatrated In Rgure 8. Oxidation of Epothi- 
lone A (1) with mCPBA. A solution of epothiiohe A (1) (3.0 mg. 0.006 mmol) in CHCts (120 
mL. 0.05 M) was reacted with meta-chloropertMnzoic acid (mCPBA. 57-86%. 1 .1 mg, 
0.0023-0.0032 mmol, 0.8-1 .1 equiv; Aidrich). at -20 to 0 *C. according to the procedm de- 
scribed for the epoxidation of 37, resulting in the formation of bis(^30xide8) 54 (or 55) (1.1 
mg. 35%) and 55 (or 54) (1 .0 mg, 32%) along with sulfoxide 57 (0.2 mg. 6%). 

Syntheala of Epothllones 88-60 as iliuatrated In ngure 9. Synthesis was the sante as for 

1 with the fbllowing substitutions: (a) 0.9-1 .3 equivalents of /nCPBA, CHCIs. -20 ^ 0*C. 12 
hours. 58 (or 89) (5%). 59 (or 88) (5%). 80 (60%); (b) 1 .0 equivalent of dimethyldloxirane. 
methylene chloride/acetone. O'C. 88 (or 89) (10%). 89 (or 88) (10%). 80 (40%); (e) excess 
of CF3COCH3. 8.0 equivalents of NaHCOs . 5.0 equivalents of Oxone(». MeCN/Na2E0TA 
(2:1), Q'C, 58 (or 59) (45%), 89 (or 88) (35%). 

Synthesis of Dihydrexy Ester 81 ss lllustratsd In Rgure 10. Synthesis was the same as 
for 49 snd 50 with the folfowing substitutions: use 47 in lieu of 3 and 48. 

Syntheais of Dihydroxy Lsetonss 82 snd 83 as lllustratsd In Rgurs 10. Olsfin Msia- 
thesis of Dihydroxy Ester 61 . Same metathesis procedure as used in Rgure 8 converting 4 
to 3 and 48, using instead 61 to fomi 62 and 63. 

Synthesis of Epothttonss 6449 ss lllustrstsd In Rgurs 10. Compounds 6449 wsre syn- 
thesized according to the procsdurs ss dsscribed above for 1 (Rgure 8) using 62 or 63 

ofl. 



Synthesis of Alcohol 85 ss lllustratsd In Rgurs 12. Allylboration of Ksto Aldehyde 84. 
Aldehyde 84 (16.0 g. 0.125 mol; Inuka. T.rYoshiiswa, R. J. Org. Cham. 1967, 32, 404- 
407) was dissolved in ether (400 mL) and cooled to -100 'C. To thia solution was added 
{♦)^ii8opinocampheyiallylborans (800 mU 0.15 M in pentane, 0.125 mol, 1.0 equiv) by 
cannulatipn during 45 min. [(♦).0li8opinocamphsylallylborans in pentons is prepared by t 
adaptation of ths standard methods reported by BrownJ.Afler the addltton was complete, 
the mixture waa stirred St the asms tsmpsrsturs for 30 min. Methsnol (20 mU wss adds 
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at -100 ""C, and th0 reaction mixture was allowed to reach room temperatur . To this soiu* 
tion was added saturated aqueous NaHCOs solution (200 mL). followed k»y HaOa (80 mL of 
50% solution in HaO), and the reaction mixture was allowed to stir at room temperature for 
12 h. The reaction mixture was extracted. 

Synthesis of Ketone 86 as Illustrated In Rgure 12. Silytation of Alcohol 85. Compound 86 
was synthesized according to the procedure as described via supra for 17a using TBSOTf 
and 84 instead of 17a and TPSCI. 

Synthesis of Keto Aldehyde 87 as Illustrated In Rgure 12. Ozonolysis of Ketone 86. 
Alkene 86 (2.84 g, 10 mmol) was dissolved in methylene chloride ^ ml) and the.solution 
was cooled to -TB *C. Oxygen was but)t>ied through for 2 min after which tinra ozone was 
passed through until the reaction mixbjre adopted a blue color (ca 30 min). The solution 
was then purged with oxygen tor 2 min at -78 *C (disappearance of blue color) and Ph3P 
(3.1 6 g, 1 2.0 mnxM, 1 .2 equiv) was added. The cooling bath was removed and the reaction 
mixture was allowed to reach room temperature and stirred for sn additional 1 h. the sol* 
vent was removed, under reduced pressure end ths mbcture was purified by flash column 
chromatography (silica gel. 25% ether in hexanes) to provide pure Iceto aldehyde 87 (2.57 
g. 90%). 

Synthesis of Keto Add 76 as illustrated In Rgura 12. Oxidation of Keto Aldehyde 87. 
Aldehyde 87 (2.86 g, 10 mmoO. tBuOH (50 mg. isobutylene (20 mU 2 M solution in THF. 
40 mmol, 4.0 equiv). H«0 (10 mg, NaCX)) (2.71 g. 30.0 mmolt 3.0 equiv) and NaH2P04 
(1.80 g» 15.0 mmol, 1.5 equl^ were combined and stirred at room temperature for 4 h. Th 
reaction mbcture was ooncsntrated under reduced pressurs snd the residue was subjsctsd 
to flash column chromatography (silica gsi, 50% sthsr in hexanss) to produce pure keto 
add 76 (2.81 g, 93%). RT « 0.12 (sHIea gsl. 20% ether in hexanee). 

* 

SynthMis off Aidthydt a9 m illutlritod in ngurt 12. Reduction of Ester 88. Ethyl ester 
88 (52.8 g, 0.306 mol; Aldrich) wes dissolved in methylene chloride (1 L4 and cooled to -78 
"C. OIBAL (480.0 mU, 1 M solution in methylene chloride. 0.4888 moi. l .8 equiv) was ad- 
ded drop«MS« via a cannula while the temperature of the reaction mixture was maintained at 
•78 'C. Alter the addition was complete, the reacttoh mixture was stirred at the same tem- 
perature until its completion was verified by TLC (ca l h). Methanol (100 mg was added at 
•78 «C and was fdllowed by addition of EtOAc (1 L) and saturated aqueous NH4CI solution 
(300 mL). The quenched reaction mixture was allowed to wann up to room temperature 
and stirred fbri 2 h. The organic layer was separated, and the aqueous phase was extrac- 
ted with EtOAc (3 X 200 my. The combined organic phase was dried over MgS04. filtered, 
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and concentrated under reduced pressure. Flash column chromatography (silica gel, 10 to 
90% ether in hexanes) fumished th desired aldehyde 89 (33.6 g, 90%): Rf s 0.68 (silica 
gel, ether). 

Synthesis of Aldehyde 90 as illustrated In Hgiira 12. Aromatic aldehyde 89 (31 .1 g, 
0.245 moi) was dissolved in benzene (500 mL) and 2-(triphenytphosphoranilidene)-propion* 
aldehyde (90.0 g, 0.282 mol, 1 .15 equiv) was added. The reaction mixture was heated at 
reflux until the reaction was complete as judged by TLC (ca 2 h). Evaporation of the solvent 
under reduced pressure, followed by flash column chromatography (10 to 90% ether in 
hexanes) prodyced the desired aldehyde 90 (40.08 g, 98%). 

SynthMto of Alcohol 91 m lllustritMl in Figuro 12. Aliytboration of Aldehyde 90. Aldehy- 
d 90(20.0 g. 0.120 moQ was dissolved in anhydrous ether(400 mLj and the solution was 
cooled to -1 00 'C. (•»>)-Oiisbpinocampheylaliyl tnrane (1 .5 equiv in pentane. prepared from 
60.0 g of (•)-lpc2B0Me and 1 .0 equiv of allyl magnesium bromide according to the method 
d scribed for the synthesis of alcohol 85). was added dropwise under vigorous stirring, and 
the reaction mixture was allowed to stir for 1 h at the same temperature. Methanol (40 mU 
was added at -1 00 "C. and the reaction mbdure was allowed to wann up to room tempera- 
ture. Amino ethanol (72.43 mL 1.2 mol. 10.0 equiv) was added and stirring was continued 
for 1 5 h. The work-up procedure was completed by the addition of a saturated aqueous 
NH4a solution (200 mL). extraction with EtOAc (4 x 100 mL) and drying of the combined 
organic layers with il/lgSO*. RItration. followed by evaporation of the solvents under reduced 
pressure and flash column chromatography (silica gel, 35% slher in hexanes for several 
fractions until all the boron complexes were removed: then 70% ettter in hexanes) provided 
alcohol 91 (24.09 g. 96%): Rf » 0.37 (80% ether in hexanes). 

Syntheala of Compound 92 as llluttrated in Figure 12. Stiytation of Alcohol 91 Alcohol 
91 (7.0 g. 0.033 moO was dissolved In OMR (35 mU 1.0 M). ttie solution was cooled to 0 *C 
and imidazole (3.5 g. 0.080 mol. 1 .5 equiv) was added. After stirring for 5 min. tert-bulyldi* 
methylsilyl chloride (6.02 g. 0.040 mol, 1 .2 equiv) was added portionwise and the reaction 
mixture was allowad to stir at 0 *C fbr 45 min, and ttien at 25 *C fbr 2.5 h, after which time 
no starting alcohol was detected by TLC. Mettiand (2 mL) was added at 0 "C and ttie sol- 
vent was removed under reduced pressure. Ether (100 mL) was added, followed by satu- 
rated aqueous NH4a solution (20 mL), the organic phase was separated and the aqueous 
phase was extracted with ether (2 x 20 mL). The corhbined organic solution was dried 
(MgSO«). filtered over cellte and the solvents were removed under reduced pressure. Rash 
column chromatography (silica gel. 10 to 20% ether In hexanes) provided pure 92 (10.8 g, 

99%) • 
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SynthMls f Ald«hyd« 82 as Illustrated in ngurt 12. Oihydroxytation of Olefin 92 and 1 ,2 
Glycol Cieavags. Olefin 92 (16.7 g, 51,6 mmoQ was dissolved in THFABuOH (1 : 1, 500 mL) 
and HaO (50 mL). 4-Methylmorpholine N-oxide (NMO) (7.3 g, 61.9 mmol. 1.2 equiv) was ad- 
ded at 0 "C. followed by OSO4 (5.2 mL. solution in IBuOH 1 .0 mol%, 2.5% by weight). The 
mixture was vigorously stirred tor 2.5 h at 0 and then .tor 12 h at 25 'C. After completion 
of the reaction, Na^O^ (5.0 g) was added at 0 "C, toliowed by HjO (1 00 mL). Stirring was 
continued for another 30 min and then ether (1 L) was added, followed by saturated aque- 
ous NaCI solution (2 x 100 mL). The organic phase was separated and the aqueous phas 
was Mtracted with ether (2 x 100 mL). The combined organic extracts were dried (MgS04). 
filtered, and the solvents were removed under reduced pressure. Flash column chromato- 
graphy (silica gel. ether to EtOAc) provided 1 7.54 g (95%) of the expected 1 .2-diol as a 1 :1 
mixture of diastereoisomers. 

The diol obtained from 92 as described above (5.2 g. 14.5 rnmoO was dissolved in EtOAe 
(1 50 mL) and cooled to 0 *C. Pb(0Ac)4 (8.1 g. 95% purity. 18.3 mmol. 1 .2 equiv) was then 
added portlonwise over 10 min, and the mixture was vigorously stirred for 15 min at 0 *C. 
After completion of the reaction, the nUxture was filtered through silica gel and washed with 
60% ether in hexanes. The solvents were then removed under reduced pressure providing 
pure aldehyde 82 (4.7 g. 98%). 

Synthesis of Atoohd 9S as IHualrated In Figure 12. Reduction of Aldehyde 82. A solution 
of aldehyde 82 (440 mg, 1.35mmoO in MeOH (1 3 mg was treated with NaBH« (74 mg, 2.0 
mmol. 1 .5 equiv) at 0 *C for 19 min. The solution was diluted with ether (100 mL) and then 
saturated aqueoua NH4CI solttfion (5 mLj was carefully added. The organic phase was 
washed with brin* (10 wL^, dried (MoS04) and concentrated. Flaah column chromatogra- 
phy (silica gei. 60% ether in hexanes) gave alcohol 93 (425 mg, 96%) aa a colorless oiL 26: 

Rf » 0.52 (siOea gel. 60% ether in hexanes). 

Syntheola of ledMe M aa lUuslrated In Rgure 12. lodination of Alcohol 93. A solution of 
alcohol 93 (14.0 g. 42.7 mmol) in ether MeCN (3:1 . 250 mg was coolsd to 0 'C. Imidazole 
(8.7 g. 128.1 mmol, 3.0 equiv), PhaP (16.8 g, 64.1 mmol. 1.5 equiv). and iodine (16.3 g. 
64.1 mmol, 1 .5 equiv) were sequentially added and the mixture was stin«d for 0.5 h at 0 *C. 
A saturated aqueous solution of NaaSaQi (50 mL) was added, followed by the addition of 
ether (600 mg. The organic phase was washed with brine (50 mg. dried (MgS04). and the 
solvents were removed under vacuum. Rash column chromatography (silica gel, 15% ether 
in hexanes) gave pure iodide 94 (16.6 g. 89%) as a coioriess ol. 
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Synthesis of Phosphonlum Salt 79 at iilustratad in Rgurt 12.. A mixture of iodide 94 
(1 6.5g, 37.7 mmol) and PhaP (10.9 g, 41 .5 mmol. 1 .1 equiv) was heated neat at 100 "C for 
2 h. Purification by flash column chromatography (silica gel. methylene chloride: then 7% 
MeOH in methylene chloride) provided phosphonium salt 79 (25.9 g, 98%) as a white solid: 
Rf s 0.50 (silica gel. 7% MeOH in methylene chloride). 

Synthesis of Hydrazone 98 as illustrated in Rgurs 13. AHcylation of Hydrazons 60. Hy- 
drazone 80 (20.0 g. 1 17.0 mmoi, 1.0 equiv), dissoivsd in THF (80 mL). was added to a 
freshly prepared solution of LOA (1 9.75 mL of diisopropylamine (1 41 .0 mmol, 1 .2 equiv was 
added to a solution of 88.1 mL of 1 .6 M solution of n-BuLi in hexanes (141 mmol, 1 .2 equiv) 
in 160 mL of THF at 0 "C] at 0 *C. After stirring at this tsmperature for 8 h. the resulting 
yellow solution was cooled to -100 *C. and a solution of 4-iodo>l-benzyloxyt)utane (36.0 g. 
1 24.0 mmol. .1.2 equiv) in THF (40 mL) wss addsd dropwiss over a period of 30 min. The 
mixture was allowed to warm to room temperature over 8 h, and was then poured into 
saturated aqueous NH4Ct solution (40 mL) and extracted with ether (3 x 200 mL). The 
combined organic extracts ware dried (MgS04). filtered and evaporated. Purification by 
flash column chromatography on silica gel (20% ether in hexanes) provided hydrazone 95 
as a yellow oil (35.8 g, 92%, de > 98% by 1 H NMR). 

Synthesis of Aldehyde 98 as lllustratsd In Figure 13. Cleavage of Hydrazone 95. Pro- 
cedure A: A solution of hydrazone 95 (13.0 g. 39.1 mmol) in methytsne chloride (50 mL) 
was trsated with ozone at -78 *C until the solution tumsd blue-green. The solution was 
purgsd with oxygen for 2 min at -78 *C, aUowad to warm to room temperature, and then 
concentrated. The crude mixture so oMaiced was purified by flash column chromatography 
(silica gel. 10% ether in hexanes) to give aldehyde 96 (6.6 g. 77%) as a coloriess oil. 
Procedure B: A solution of hydrazone 95 00 9. S0.3 mmoi) in Mel (1 00 mL) was heated at 
60 'C. After 5 h. the reaction was complete (TLC), and the mixture was coneenintad. The 
resulting crude product was suspended In n-pentane (360 mL) and was treated with 3 N 
aqueous HO (380 ml). The two-phase system was vigorously stirred fori h, and the aque- 
ous phase was extracted with n-pentane (3 x 200 mL). The combined organic solution was 
dried (MgS04). concentrated and purified by flash column chromatography (silica gal. 10% 
ether in hexanes) to give 96 (17.1 g, 86%): Rf • 0.49 (silica gel. 50% ether In hexanes). 

Synthesia of Alcohol 97 as IliiMlralad in PIgura 13. Reduction of Aldehyde 96. A solutior 
of aldehyde 96 (17.0 g. 77.0 mmol) in MeOH (200 mL) wss treated with NaBH4 (8.6 g. 228 
mmoi, 3.0 equiv) at 0 fdr 15 min. The sdulion waa then diluted with ether (400 mL) and 
saturated aqueous NH4CI solution (50 mL) was carefully added. The organic phase was 
washed with brine (50 nig. dried (MgSO«). and concentrated. The cnide product was puri- 
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fled by flash column chromatography (silica gel. 40% ether in hexanes) to give alcohol 97 
(1 6.8 g, 98%) as a colorless oil. 

Synthesis of Sllyl Ether 96 as illustrated In Rgure 13. Silytation of Alcohol 97. Alcohol 
97 (17.0 g. 76.0 mmol) was dissolved In methylene chloride (350 mg. the solution was coo- 
led to 0 X and EtsN (21 .2 mU 1 52.0 mmol. 2.0 equiv) and 4.DMAP (1 85 mg. 1 .52 mmol. 
0.05 equiv) were added. After stirring ter 5 min, tert-butyldimethytsilyl chloride (17.3 g, lis 
mmol. 1 .5 equiv) was added portionwise. and the reaction mixture was allowed to stir at 
0 °C for 2 h. and then at 25 "C for 1 0 h. Methanol (20 mL) was added at 0 «C and the sol- 
vents were removed under reduced pressure. Ethsr (200 mL) and saturated aqueous 
NH4Ci solution (30 mL) were sequentially added, and the organic phase was separated. 
The aqueous phase was extracted with ether (2 x 100 mL) and the combined organic layer 
was dried (MgS04). filtered and concentrated under reduMd pressure. Purification by flash 
column chromatography (silica gel. 5% ether in hexanes) provided pure siiyi ether 98 (24.4 
g.95%). 

Syntiieaia of Alcohol 99 as llluatrated In FIguro 13. Hydrogenolysis of Benzyl Ether 98. 
To a solution of benzyl ether 98 (21 .0 g. 62.5 mmoO in THF (200 mL) was added 10% 
Pd(OH)a/C (1 .0 g). The reaction waa allowed to proceed under an atmosphere of Ha at a 
pressure of 50 psi and at 25 'C (Pan* hydrogenetor apparatus). After 1 5 min. no starting 
benzyl ether was detected by TLC. and the mixture was filtered through ceUto. Thedear 
solution was concentrated under reduced pressure and the resulting crude product was 
purified by flash column chromatography (silica gel. 40% ether in hexanes) to give alcohol 
99 (14.7 g. 95%) as a colodess ott. 

Synthesisof Aldehyde 77 sslOtistrstsd In Flgura 13. Oxidation of Alcohol 99. To a 
solution of oxalyt chloride (8.6 mU 68.0 mmol. 2.0 equiv) in methylene chlohde (250 mg 
was added dropwise OMSO (9.2 mL 1 30 mmol. 4.0 equiv) at -78 *C. After stirring for 1 5 . 
min, a sohidon of alcohol 99 (8.0 g. 32.0 mmol. 1.0 squiv) in methylene chloride (50 mg 
was added dropwtoe at •78*C over a 15 min period. The solution was stirred tor further 30 
min at -78 *C. and EttN (27.1 mL 1 94 mmol. 8.0 equiv) was added at the same tempera- 
ture. The resctkm mbdtjre was allowed to warm to 0 *C over 30 min and then ether (400 

mL) was added, fbilowed by saturated aqueous NH4CI solutton (100 mg. The organte 
phase was sisparated, and the aqueous phase was extracted with ether (2 X 300 mL). The 

combined organic solution was dried (MgSO^. filtered and concentrated under reduced 
pressure. Purification by flesh column chromatography (silica gsl, 20% ether in hexsnes) 
provided aldehyde 77 (7.9 g, 98%) as a colorless oU. 
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Synth sis f Alcohol 100 as Hlustrstsd In Hgurs 13. To a cold (0 ""C) solution of aids- 
hyds 77 (7.8 g, 32.0 mmoi) in THF (300 mL) was slowly addsd MsMgBr (1 .0 M solution in 
THF, 48.0 mL, 48.0 mmol. 1 .5 squiv). Ths rsaction mtxturs was stirrad for 15 min at 0 
and than it was dilutsd with sthsr (500 mL) and qusnched by carefuil addition of saturatsd 
agusous NH4CI solution (100 mL). Ths organic phase was washed with brine (100 mL). 
dried (MgS04). and concentrated. The cmde product so obtained was purified by flash co* 
lumn chromatography (silica gel. 30% ether in hexanes) to give alcohol 1CK) (7.0 g, 84%) as 
a coloriess oil. 

Synthesis of Ketone 78 as illustrated In Rgure 13. Oxidation of Alcohol 100. To a solu- 
tion of alcohol 100 (7.0 g» 27.0 mmoQ in methylene chloride (250 mL) was added molecular 
sieves (4 K 6.0 g), 4-methytmorpholine-N-oxide (NMO) (4.73 g, 40.0 mmol, 1 .5 equiv) and 
tetrapropylammonium perruthenate (TPAP) (189 mg, 0.54 mmol. 0.02 equiv) at room tem- 
perature. After stirring for 45 min (depletion of starting material. TLC). the reaction mixture 
was filtered through ceiite, and the solvent was removed under reduced pressure. The cru* 
de product was purified by flash column chromatography (silica gel. 20% ether in hexanes) 
to give ketone 78 (6.6 g, 96%) as a coloriess oil. 

Synthesis of Iodide 113 as llluetrated in Rgure 15. lodination of Alcohol 99. A solution 
of alcohol 99 (3.8 g. 15.0 mmol) in etherMeCN 3:1 (150 mg was cooled to 0 ^C. Imidazole 
(3.1 g. 45.0 mmol. 3.0 equiv), (5.9 g. 22.5 mmol. 1.5 equiv) and iodine (5.7 g. 22.5 
mmoi. 1 .5 equiv) were sequentially added and the reaction mixture was stinted at 0 ''C for 
0.5 h. A saturated aqueous solution of Na2S203 (200 mL) was added followed with ether 
(200 mL). The organic phase was washed with brine (200 mL). dried (MgS04). and the sot- 
vents were removed under vacutm. The crude product was purified by flash column chro- 
matography (silica gel. 10% ethar in hexanes) to give pure iodide 113 (4.9 g. 91%) as a co- 
lorless oil. 

Syntheala of Phoaphonluin Salt 114 aa iUuatrated In Hgure 15. A mixlure of iodide 113 
(4.7 g, 13.1 mmd) and Ph3P (3.8 g. 14.4 mmol, 1.1 equiv) was heated neat at 100 for 2 
h. Purification by. flash column chromatography (silica gel. Methylene chloride to 7% MeOH 
in methylene chloride) provided phosphonium salt 1 14 (7.4 g, 91%) aa a white solid: Rf « 

« 

0.42 (silica gel. 5% MeOH in Methylene chloride). 

Syntheal of Olefin 101 aa IUuatrated In Rgure 18. Method A. From Phosphonium Salt 
79 and Aldehyde 77. Phosphonium salt 79 (13.80 g. 19.4 mmol, l .2 equiv) was dissolved 
in THF (80 mL, 0.2 M) and the solution was cooled to 0 'C. Sodium hexamethyldisllylamide 
(NaHMDS. 1 9.4 mU 1 9.4 mmol, 1 .0 M solution in THF, 1 .2 equiv) was slowly added and the 
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resulting mixture was stirred tor 1 5 min before aJdeiiyd 77 (3.96 g, 1 8.2 mmoi, 1 .0 equiv. in 
10 mL of THF) was added at the same temperature. Stirring was continued for another 15 
min at 0 'C and then, the reaction mixture was quenched with saturated aqueous NH4CI so- 
lution (25 mL). Ether (250 mL) was added and the organic phase was separated and 
washed with brine (2 x 40 mL). dried (MgSO*) and concentrated under vacuo. The cnjde 
product was purified by flash column chromatography (silica gel. 10% ether in hexane) to 
afford olefin 34 (6.70 g. 77%) as a mixture of Z* and E-isomers (ca 9 : 1 by 1 H HMR). 
Methods. From Phosphonium Salt 11 4 and Aldehyde 62. Phosphonium salt 1 14 (7.40 g, 
1 1.96 mmd. 1.2 equiv) was dissolved in THF (120 mL. 0.1 M) and the solution was cooled 
to 0 'C. Sodium hexamethyidisilylamide (NaHMOS. 1 1 .96 mL, 1 1 .96 mmoL 1 .0 M solution 
in THF, 1 .2 equiv) was slowly added at the same temperature and the resulting modwe was 
stirred for 15 min, before aldehyde 82 0.20 g. 9.83 mmol, 1.0 equiv. in 20 mL of THF; vida 
supra) was slowly added. Stirring was continued for another 15 min at 0 *C and then the 
mixture was quenched with saturated aqueous NH4CI solution (150 mL). Ether (200 mL) 
was added and the organic phase was separated and washed with brine (2 x 150 mL), 
dried (MgS04) and concentrated under reduced pressure to afford ttM crude product Flash 
column chromatography (silica gel. 10% ether in hexane) furnished olefin 101 (3.65 g, 69% 
yield) as a mixture of Z* and E-isomers (ca 9:1 by 1H NMR). 

Synthesis of alcohol 102 as illustrated In Figure 14. Compound 101 (1.77 g, 3.29 mmol) 
was dissolved in methylene chloride : MeOH (1:1. 66 ml^ and the solution was cooled to 0 
"C and CSA (764 mg, 3.29 nunol. 1 .0 equiv) was added over a 5 min period. The mixbjre 
was stirred for 30 min at 0 *C. and then fbri h at 28 "C. EtiN (2.0 mL) was added, and th 
solvents were removed under reduced pressure. Flash column chromatography (siyca g^, 
50% ether in htnnes) fUmishsd the desired alcohol 35 (1.2 g. 86%). 

Synlhsili of AMshyJs 74 as lUustrHsd In Rguw 14> Oxidationof Alcohol 102. Alcohol 
102 (1 J g, 4.8 mmoO was dlMdved in methylens chforids (45 mU 0.1 M). OMSO (13.5 
mL). eUN (3.0 mL. 22:4 mmol. 5.0 equiv) and SCVpyr (1 .43 g. 8.98 mmd. 2.0 equiv) were 
added at 2S *C and tfto resulting mixture was stirred (or30min. Saturated aqueous NH4CI 
solution (100 mL) and ether (200 mL) were added sequentially. The organic phase was 
washed with brine (2 x 30 mL). dried (MgSO^) and the solvents were removed under redu- 
ced pressure. . Flash column chromstography (silica gel. 30% ether in hexanes) furnished 
aldehyde 74 (1 .79 g. 94%). 

Synthoals of compounds 108 and 106 as Ulustratsd In FIgurs 14: Aldd Reaction of 
Koto Add 76 with Aldehyde 74. Asduttonof ketoacid7e(1.52g.5.lOmmd. 1.2 equiv; 
synthesized vids supra) in THF (10 mL) was added dropwise to a freshly prepared sdution 
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of LOA [diisopropyiamine (1 .78 mU 12.78 mmoi) was added to n-BuU ( 7.95 mU 1 .6 M 
solution in hexanes. 12.78 mmoi) in 20 mL of THF at 0 ^C] at -78 ^C. After stimng for IS 
min, the solution was allowed to warm to -40 ""C. and after 0.5 h at that temperature it was 
recooled to -78 ""C. A solution of aldehyde 74 (1 .79 g, 4.24 mmoi, 1 .0 equiv) was added 
dropwise and the resulting mixture was stirred for 1 5 min, and then quenched at -78 ''C by 
slow addition of saturated aqueous NH4CI solution (20 mL). The reaction mixture was 
warmed to 0 ''C, and AcOH (2.03 mL. 26.84 mmoi, jB.3 equh/) was added, followed by 
addition of EtOAc (50 mL). The organic layer was separated and the aqueous phase was 
extracted with EtOAc (3 x 25 mL). The combined organic solution was dried over MgS04 
and concentrated under vacuum to afford a mixture of aldol products 103a: 103b in a ca 1:1 
ratio (1 H NMR) and unreacted keto add 76. The mbcture was dissolved in methylene chlo* 
ride ( 50 mL) and treated, at 0 ^C, with 2.6-lutidine (3.2 mL, 27.36 mmoi) and tert-butyidi- 
methylsilyt trifluoromethanesulfonate (4.2 mL, 18.24 mmoi). After stirring for 2 h (complete 
reaction by TLC), aqueous HCI (20 mU 10% solution) was added and the resulting biphasic 
mixture was separated. The aqueous phase was extracted with methylene chloride (3 x 20 
mL) and the combined organic solution was washed with brine (50 mL). dried (MgS04) and 
concentrated under reduced pressure to give a mixture of the tetra-tert-butyldimethylsilyl 
ethers 104a and 104b. The cnjde product was dissolved In MeOH (50 mL) and KaCQi 
(1 .40 g, 1 0.20 mmoi) was added at 25 *C. The reaction mixture was vigorously stirred for 
1 5 min. and then filtered. The residue was washed with MeOH (20 mL) and the solution 
was acidified with ion exchange resin (DOWEX 50WX8-200) to pH 4*5. and filtered again. 
The solvent was removed under reduced pressure and the resulting residue was dissolved 
in EtOAc (50 mL) and washed with saturated aquiMus NH4CI solution (50 mL). The aque- 
ous phase was extracted with EtOAc (4 x 25 mL) and the combined organic solution was 
dried (MgS04). filtered and concentrated to furnish a mixture of carboxytic acids 105. 106 
and 76. Purification by preparative thin layer chromatography (silica gel. 8% MeOH in 

methylene chloride), gave pura adda 105 (1 .1 g. 31% from 7) and 106 (1 .0 g. 30% from 7) 

as coloriess oils. 

Syntheais of Hydroxy AeM 72 as illuatrated In Rgura 14. Selective Desilylation of tris- 
(Silyl) Ether 105. A solution of tris(8ilyl) etheriOS (300 mg, 0.36 mmoi) in THF (7.0 mL) at 
25 'C was treated with TBAF (2.2 mL 1 M solution in THF. 2.2 mmoi. 6.0 equiv). After stir- 
ring tor 8 h, the reaction mixtura was diluted with EtOAc (1 0 mL) and washed with aqueous 
HCl (10 mL 1 N solution). The aqueous solution was extracted with EtOAc (4 x 10 mL) and 
the combined organic phase was washed with brine (10 mL). dried (MgSOJ and concentra- 
ted. The cmde mixture was purified by flash column chromatography (silica gel. 5% MeOH 
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riod of 1 .5 h. The solution was stirred for a further 1 h at -78 "C, before EtsN (151 mi^ 
1 .085 mol, 8.0 equiv) was added over 40 min. After a further 1 5 mirt at -78 'C the resulting 
slurry was allowed to warm to 0 *C over 1 h. Ether (700 mL) and saturated aqueous NH4CI 
solution (500 mL) were then added and the organic phase separated. The aqueous phase 
was re-e)(tracted with ether (500 mL) and the combined organic solution washed with satu- 
rated aqueous NH4CI solution (1 .0 L). dried (NaaS04). filtered and concentrated under re- 
duced pressure. Purification by flash column chromatography (silica gel. 25% ether in 
hexanes) afforded spirocyclopropane ketoaldehyde 274 (10.9 g, 64%). 

Syntheais of Sllyiether 273 as Uluatrated in ngure 41. Allylboration of Spirocyclopropane 
Ketoaldehyde 33 and Silylation. Allyllmagnesium bromide (1 M solution in ether. 80 mL 
80.0 mmol. 1 .0 equiv) was added dropwise to a well stirred solution of (-)-^methoxydiiso- 
pinocampheyt borane (27.2 g. 86.0 mmol. 1 .1 equiv) in ether (500 mL) at 0 "C. After the 
completion of the addition, the gray slurry was stirred at room temperature for 1 h and the 
solvent was removed under reduced pressure. Pentane (400 mL) was added to the resi- 
dual solids and the mixture stirred for 10 minutes. The stirring was discontinued to allow 
precipitation of the magnesium salts and the clear supernatant pentane solution was trans- 
ferred via cannula carefully avoiding the transfer of any solid materials. This process was 
repeated four times. The combined pentane fractions were concentrated to a volume of ca. 
500 mL and then added dropwise. without further purification, to a solution of ketoaldehyde 
274 (1 0.1 g. 79.7 mmol. 1 .0 equiv) in ether (250 mL) at -1 00 'C. After the addition was 
complete, the mixture was stirred at the same temperature for 30 min. Methanol (10 mL) 
was added at -100 *C, and the reaction mixture was allowed to warm to -40 *C over 40 min. 
Saturated aqueous NaHC09 solution (125 mL). followed by H2O2 (50 wt % solution in HaO. 
50 mL) were added and the reaction mixture was allowed to stir at room temperature for 
I2h. The organic phase was soparatad and ttie aqueous phase extracted with EtOAc (3 x 
250 mL). The combined organic extracts were washed witti saturated aqueous NH4a solu- 
tion (500 mL), dried (Na«S04) and tits solvents removed in vacuo to yield ttie cnjde allylic 
alcohol which was used without further purification. An analytical sample was prepared by 
flash column chroniatof^phy (silica gel. 3% acetone in CH2CI2). 

This crude alcohol was dissolved in CHaOj (750 mL. 0.3 M) and the solution was cooled to 
-78 *C. The solution was treated witti 2.6-lutidine (40 mL, 0.368 mol, 4.6 equiv). and after 
stirring for 5 min, tert-butyldimethylsilyl triflate (70 mL 0.305 mmol, 3.8 equiv) was added 
dropwise. The reaction mixture was allowed to stir at -78 for 35 min. after which time no 
starting material was detected by TLC. Saturated aqueous NH4CI solution (500 mg was 
added, and the reaction mixtur was aUowed to warm to room temperature. The organic 
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phase was separated, and the aqueous layer was extracted with ether (3 x 300 mL). The 
comt)ined organic extracts were dried (MgS04). filtered through celite and the solvents were 
removed in vacuo to yield the crude silyl ether 32 which was used without further purifica- 
tion. An analytical sample was prepared by flash column chromatography (silica gel. 2 to 
17% ether in hexanes). 

Synthesis of Splrocyeiopropane Ketoacid 31 as illustrated in Rgure 41. Oxidation of 
Olefin 273. The crude alkene 273 was dissolved in MeCN (143 mL), GCU (143 mL) and 
H2O (214 mL) and the mixture cooled to 0 Sodium periodate (70 g. 327 mmoi. 4.1 
equiv) and ruthenium(lll) chloride hydrate (898 mg, 3.98 mmol. 0.05 equiv) were added and 
the mixture was stin-ed at 0 *C for 10 min. The dark mixture was alk)wed to warm to am- 
bient temperature and stirred for 3 h. after which time the disappearance of starting material 
was indicated by TLC. CH2CI2 (1 .5 L) and saturated aqueous NaQ solution (1 .5 L) were ad- 
ded and the layers were separated. Extractions of the aqueous phase with CH3CI3 (3 x 750 
mL). filtration through celite. concentration and flash column chromatography (2 to 80% Et- 
OAc in hexanes) yiekled pure spirocydopropane ketoacid 31 (10.2 g. 43% for three steps). 

Synthesis of Esters 268 and 269 and Intermediates en route to, as illustrated in Figure 

42. Synthesized according to the procedure as described above as shown In Figures 7 
using 272 instead of 8; see conditions in the descriptfon of Figures. 



Synthesis of 4,4-Ethano-epothiione A Analogs 267, 282, 283, 284, and Intsmiediates 
n route to, as illustrsled in Rgure 43. Synthesized according to the procedure as de- 
scribed via supra as shown in Figures 8 using 272 Instead of 8 as the substrate pertur- 
bation: see conditions in the description of Figures. 

Synthesis of 4,4-Ethano-epothllene A Analogs 289, 290, 291, 292, and Intermediates 
en route to, as iliuslralsd In Rgurs 44. Synthesized according to the procedure as de- 
scribed via supra as shown in Rguras 8 using 272 instead of 8 as the sutistrate pertur- 
bation; see conditions in the description of Rgures. 

Synthesis of Kste Aldehyde 298 as illuslnrted In Figure 46. Ozonolysis of Ketone 273. 
Alkene 273 (3.6 g. 12.7 mmoi; synthesized exactly to procedures) was dissolved in CHjCIa 
(50.0 mL. 0.25 M) and the solution was cooled to -78 'C. Oxygen was bubbled through for 
2 min. after which time ozone was passed through until the reaction mixture adopted a blue 
color (ca 30 min). The solution was then purged witti oxygen for 2 min at -78 'C (disappea- 
rance of blue color) and Ph,P (6.75 g, 25.4 mmol. 1 .2 equiv) was added. The cooling bath 

H th* rMcHon mixture was alfowed to reach room temperature and stirred 
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for an 1 additional hour. The solvent was removed under reduced pressure and the mixture 
was purified by flash column chromatography (silica gel, 30% ether in hexanes) to provide 
pure keto aldehyde 295 (3.26 g. 90%). 295. 

Synthesis of Ketone 294 as Illustrated in Rgure 46. To a solution of aldehyde 295 (2.9 
g, 1 0.2 mot) in THF (50 mL, 0.2 M) at -78 oC was added dropwise lithium tri-tert-butoxyalu- 
minohydride (1 1 .2 mL 1 .0 M solution in THF, 1 1 .2 mmol. 1 .1 equiv). After 5 min, the reac- 
tion mixture was tarought up to 0 and stirred at that temperature for 1 5 min. baton quen- 
ching with saturated aqueous solution of sodium-potasium tartrate (25 mL). The aqueous 
phase was extracted with ether (3 x 75 mL) and the combined organic layer was dried 
(MgS04), filtered and concentrated. The crude primary alcohol so obtained was dissolved 
in CH2CI3 (50 mL. 0.2 M) and cooled to 0 «C. EtsN (68.1 mL. 30.6 mmol. 3.0 equiv). 4-OMAP 
(120 mg, 0.16 mmol, 0.02 equiv) and teit-butyldimethyisilyl chloride (3.0 g. 20.4 mmol. 2.0 
equiv) were added. The reaction mixture was allowed to stir at 0 °C for 2 h. then at 25 *C 
for 10 h. MeOH (5 mL) was added and the solvents were removed under reduced pressure. 
Ether (1 00 mL) was added followed by saturated aqueous NH46 solution (25 mL) and the 
organic phase was separated. The aqueous phase was extracted with ether (2 x 50 mL) 
and the combined organic solution was dried (MgS04), filtered and concentrated under 
reduced pressure. Purification by fiash column chromatography (silica gel, 5% ether in 
hexanes) provided pure bis(siiylether) 294 (1 .26 g, 83% yield from 45).. 

Synthesis of tris(Silyiethers) 297 and 298 as Illustrated in Rgura 47. Aldol Reaction of 
Ketone 294 with Aldehyde 75. the aldol reaction of ketone 294 (682 mg. 1 .7 mmol. 1 .4 
equiv) with aldehyde 75 (530 mg. 1 .2 mmol. 1 .0 equiv; vida supra) was carried out exactly 
as described for ketone and atdshyds for epothilone synthesis vida supra, and yielded pure 
297 (270 mg, 24%) and 298 (480 mg. 47%). 297: Coiorisss ott. 

Synthesis of EpothHofWS 287, 311-313 and intsnnedlatss sn routs to, as illustratsd in 
Figurs 47. Synthssiisd according to ths procedure as described above as shown in Rgure 
1 9 using 294 instead of 136; see conditions in description of Rgures for Rgure 47. 

Synthesis of sMshydss 320, 321 snd 329 ss illustrated in Rgura 49. The synthesis of 
aldehydes 320, 321 and 329 are simple aldhehydes synthesized exactly as in conditions 
found for standard epothilone aldehydes 7 (figura 3), and aldehyde 221 (vida supra): ail re- 
actions are carried out using the transformations shown and standard conditions known wel 

^ ^ IS .L,:ii *KArtt«nM riA fiirthAr aiahoration will tM dtSClOSSd hSra. 
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Synthesis of compounds 339-346 and Intermedlatss en nsute t , as Illustrated In 
Figure 50. Synthesized according to the procedure as de8crit)ed via supra as shown in 
Figure 21 using 330, 331, and 332 instead of 149, 144, and 143; see conditio ns as 
disclosed in description of Rgures for Rgure 50. 

Synthesis of alcohol 350 as Illustrated In Rgure 52. Allytmagnesium bromide (1 .3 equiv) 
was added dropwise over 45 min to a solution of (lpc)2B0Me (1 .3 equiv) in ether (0.2 M) at 
0 "C. and the resulting pale gray slurry allowed to warm to 25 *C over 1 h. The ether was 
removed under reduced pressure and pentane added to the residual solid. The slurry was 
stirred at 25 "C for 10 min and then the solids were altowed to settle over 30 min. The clear 
supernatant solution was th^n carefully transferred to a separate flask via cannula. This 
process was repeated four times, and the resulting solution was then added dropwise over 
1. h to a solution of aldehyde 2 (1 .0 equiv) in ether at >100 'C. After 1 h at -100 *C, me- 
thanol was added and the mixture allowed to warm over 40 min. Saturated aqueous 
NaHC03 and 50% aqueous H2O2 were then added and the mixture left to warm to 25 *C 
overnight. The layers were separated, the aqueous phase re-exiracted with EtOAc and the 
combined organic phases washed with saturated aqueous NH4Ct. Drying (Na2S04) and 
concentration under reduced pressure gave a residue, which was purified by flash column 
chromatography (silica gel. 20% ether in hexanes) to give the desired alcohol 380 (91%). 

Syntheaia of Lactone 362 and 353 and intennedlates en route to- as iUustrated In 

Figure 62. Synthesized according to the coupling and metathesis procedure as described 
above as shown in Figure 5 using 360 and 348. 

Syntheaia of eto-Old 364 and 366 aa lliuatrated In Rgure 52. To a solution of c(9>silyl 
ether 362 (1 .0 equiv) in THF (8.2 mg at 25 'C was added HFpyr (10 equiv) and the resul- 
ting solution stirred at the same temperature for 27 h. The mixture was then added care- 
fully to saturated aqueous sodium blcart)onate and EtOAc. and the resulting two-phase 
mixture stirred at 25 *C for 2 h. The layers were then separated and the organic layer 
washed with saturated aqueous sodium bicarbonate and brine. Drying over magnesium 
sulfate and purification by flash chromatography (silica gel, 20 50% EtOAc in hexanes) 
afforded the desired diol 364 in 84% yield. 

Synthesis of 356 and 367: aee above 

Synthesi of 2-(Hydroxy-mtthyl)^(lrl-#>*utyl-alanfiyl)-thla2ole 363 aa illustrated In 
Rgure 63. To a solution of 2,5-dibromothiazole (368; 1 .0 equiv) in anhydrous ether (0.1 M) 
was added n-BuU (1.1 equiv) at -78 'C, and th resulting solution was stirred at the same 
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temperature for 30 min, before DMF (1.2 equiv) and hexamethylphosphoramide (HMPA. 1 .1 
equiv) were added at the same time. After being stin-ed at -78 *C for 30 min, the reaction 
mixture was slowly warmed up to room temperature over a period of 2 h. Hexane (2.0 mL) 
was added and the resulting mixture passed through a short silica cake with 30% ethyl ace- 
tate in hexanes. The solvents were evaporated to give the crude aldehyde 359 (72 % 
yield), which was used in the next step without further purification. 

To the solution of the crude aldehyde 359 in methanol (0.1 M) was added sodium borohy- 
dride (2.0 equiv) at 25 "C, and the resulting mixture was stirred at the same temperature for 
30 min. EtOAc and hexanes were added, and the mixture passed through a short silica ca- 
k with ethyl acetate. The solvents were then evaporated and ttie crude product was puri- 
fied by flash chromatography (20 50% ethyl acetate in hexanes) to give 2-hydroxymethyl- 
4-bromothiazole 3M in 88% yield. 

To a solution alcohol 360 (1 .0 equiv) in methylene chloride (0.1 M) at 25 *C was added imi- 
dazole (2.0 equiv), followed by tert-butyldimethyichtorosilane (l.5.equiv). After 30 min. the 
reaction was quenched with methanol, and the mature was passed through silica with me- 
thylene chtoride. Evaporation of solvents gave the silyl ether 361 in 96% yield. 

To a solution of 361 (1 .0 equiv) in ether (0.1 M) was added n-BuU (1 .2 equiv) at -78 •C, and 
the resulting mixture was stirred at this temperature for 10 min. Tri-n-butyftin chloride (1 .2 
equiv) was then added, and the reaction mixture was stirred at -78 'C for a further 10 min 
and then warmed up to 25 "C over a period of i h. The reaction mixture was diluted with 
h xanes and passed through silica with 20% EtOAc in hexanes. The cnjde product was pu- 
rified by flash chromatography (silica get pre-treatad with trielhylamine, 5% Et20 in he- 
xanes) to afford stannane 362 in 85% yield. 

To a solution of silyt fthar 362 (1 .0 equiv) in THF (0.1 M) was added TBAF (1 .0 M in THF, 
1 .2 equiv) at 25 'C arid the reaction mfacture was stirred for 20 min at this temperature. 
Hexanes were added, and ttie mfacture was passed through silica with EtOAc. Evaporation 
of solvents gave alcohol 363 In 95% 



Syntheaia of compounda 364-367 as Hluatratod in Figure 53. Compounds 364-367 wer« 
exactly prepared according to Dondoni et al. Synthesis, 1986, 757-760. 

Syntheaia of 2^ .Acetoxy.pentyl)-4-(lriinethyl-atannyl)-thia2ole 371 aa illustrated In 
Figure 53. To a solution of 2,4.dibromothiazole (356: 1 0 equiv) in /•Pr2NH (0.5 M) was 
added 4-pentyn.l-ol (2.0 equiv). tetrakis(triphenylphosphine)palladium(0) (0.05 equiv) and 
Cul (0.1 equiv). The reaction mixlur was then heated at 70 tor 2 h and after cooling to 
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25 "C the solvents were removed under reduced pressur . Purification by flash column 
chromatography (silica gel. 10% /E 75% EtOAc in hexanes) provided th desired alcohol 

368 in 83% yield. 

A solution of alcohol 368 (1 .0 equiv) and RO2 (0.1 equiv) in EtOH (0.1 M) was stirred at 25 

under an atmosphere of hydrogen for 4 h, until the disappearance of starting material 
was indicated by 1 H NMR. Subsequent filtration through a short plug of silica, washing with 
EtOAc. and removal of the solvents under reduced pressure afforded the desired alcohol 

369 (100%). 

A solution of alcohol 369 In pyridine-acetic anhydride (1 :1 ; 0.1 M) was stirred at 25 'C for 2 
h, after which TLC indicated completion of the reaction. The reagents were then removed 
under reduced pressure. Purification by flash column chromatography (silica gel, 10% ^ 
40% ether in hexanes) gave the desired acetate 370 In 90% yield. 



A solution of acetate 370 (1 .0 equiv) in degassed toluene (0.1 M), was treated with hexa- 
methyiditin (10 equiv) and tetral(i8(triphenytphosphine)palladium(0) (0.1 equiv). The mixture 
was then heated to 1 00 for 3 h, after which TLC indictated disappearance of the aryl bro- 
mide. The reaction mixture was cooled to 25 'C and purified by flash column chromatogra- 
phy (silica gel. 50% ether In hexanes containing NEts) to afford the desired stannane 371 in 
93% yield. 

Synthesis of 2-PiperidinyM-(trlmethylstannyOtiilazole 373 at iliuetrated in Figure 53. 

2.4-Dibromothiazole (358; 1 .0 equiv) was dissolved In piperidine (0.5 M) and the reaction 
was wanned to 50 'C for 8 h. upon which completion of the reaction was indicated by Tl£. 
The mixture was poured into water and extracted with ether (2 x). Drying (MgS04) and eva- 
poration of the solvents gave 2-plperidinyl-4-bronwthlazole 372. which was isolated after 
flash column chromatography (siiica gai. 5% EtOAc in hexanes) in 100% yield. 

2 Plperidinyl-4-bromothla»le (372, 1.0 equiv) was taicen up in degassed toluene (0.1 M). 
and hexamethylditln (10 equiv) and tatralds(triphenylphosphine)palladium(0) 
were added. The mbdure was than heated to 80 'C fbr 3 h. after which TLC indicated 
appearance of the aryl bromide. The reaction mixture was poured into saturated aqueous 
NaHCOa solution and extracted virtth ether, washed with water and with saturated aqueous 
NaCI solution (120 mL). The organic extract was dried (Na2S04) and the solvents and the 
excess hexamethyWitin were removed under reduced pressure. Flash column chromato- 
graphy (silica gel. 5% NEts In h xanes) provided 2-piperidiny|.4-(trimethylstannyl)thia»le 

373 in 100 % 
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Synth si* f2-'Thl m«thyt-4>(ti1methyl8tannyl)thlazole 375 as illustrated in Rgurt 83. 

2,4-Oibromothiazole (3S8: 1 .0 equiv) was dissolved in ethanol (0.1 M) and treated with 
sodium thiomethoxide (3.0 equiv). The reaction mixture was stirred at 25 "C for 3 h, upon 
which completion of the reaction was indicated by 1 H NMR. The mixture was poured into 
water and extracted with ether (2 x). Drying (MgS04) and evaporation of the solvents gave 
2-thiomethyl-4-bromothiazole 374, which was isolated, after flash column chromatography 
(silica gel, 5% EtOAc in hexanes), in 92% yield. 

2-Thiomethyl-4-bromothiazole (374) was taken up in degassed toluene (0.1 M), and was 
then treated with hexamethytditin (10 equiv) and tetraki8(triphenylpho8phine)palladium(0) 
(0.1 equiv) at 80 'C for 3 h according to the procedure described for the synthesis of 2-pi- 
peridinyl-4-(trimethylstannyOthiazole (373), to yield, after flash column chromatography (si- 
lica gel, 5% NEt3 in hexanes), 2-thiophenyt-4-(trimethylstannyl)thiazote (375; 100%). 

Synthesis of Compounds 376-377 snd 378*379 as Ulustratsd in FIgurs 83. Compounds 
376-377 are commercially available from Aldrich. Compounds 378-370 are exactiy prepa- 
red according to Dondoni et ai. Synthesis, 1086. 757; Raynaud et ai. BulL Soc. Chim. Fr. 
1062, 1735. 

Synthesis of 2-Thiephsnyl<4-(trtm*thylstannyDthiaxols 361 ss Ulustratsd in Rgurs 83. 

2,4-Oibromothi8zole (386; 1.0 equhf) was dissoivsd in ethanol (0.1 M) and treated with thio- 
phenol (3.0 equiv) and solid sodium hydroxide (3.0 equiv). "The reaction mixture was hea- 
ted at 45 'C for 4 h, upon which completion of the reaction was indicated by TLC. The mix- 
ture was poured into water and sxtracted with ether (2 x). Drying (MgS04) and evaporation 
of the solvsnts gave 2-thiophenyt-4-bromothiazole 360, which was isolated after flash co- 
lumn chromatography (silica gel. 5% EtpAc in hexanes) in 84% yisid. 



2-Thiopheny|.4-bromothia20ls (380; 1 .0 equiv) was talcen up in degassed toluene (0.1 M). 
and was then treated hexamethylditin (10 equiv) and tetral(i8(triphenyiphosphine)palla- 
dium(0) (0.1 equiv) at 80 'C for 3 h according to the procedure described for the synthesis 
of 2-piperidinyl^(trimsthyi8tannyl)thiaiole (373), to yield, after flash column chromatogra- 
phy (silica gel, 5% NEta in hexanes), 2-thiophenyl.4-(trimethyl8tannyOthia2ole (361; 100%). 

Synthesis of 2-Ethy|.4.(lHmsthyl8tannyOthla»ls 364 ss Ulustratsd In Rgurs 53. A 

solution of 2.4.dibromothia20le (358; 1.0 equiv), tributyl(vinyl)tin (1.1 aquiv) and tetralds- 
(triphenylphosphine)palladium(b) (0.1 equiv) in degassed toluene (0.1 M) were heated at 
1 10 -C for 20 min, aftqr which completion of the reaction was shown by TLC. The reaction 
mixture was poured into saturated aqueous NaHCOa-NaO solution and extracted with ether 
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(2 X). The organic extract was dried (Na2S04). and the solvents were removed under re- 
duced pressure to yield, after purification by preparative thin layer chromatography (silica 
gel. 5% EtOAc in hexanes), 2-vinyl-4-bromothia20le 382 in 96% yield. 

Vinylthizaole 382 (1 .0 equiv) was taken up in ethanol (0.1 M) and treated with Adam's ca- 
talyst (PT02. 0.05 equiv) and hydrogen (1 atm) for 4 h at 25 'C. in accordance with the pro- 
cedure describing the hydrogenation of compound 368. to yield, after purification by prepa- 
rative thin layer chromatography (silica gel. 5% EtOAc in hexanes), 2-ethyl-4-bromothiazole 
383 in 100% yield. 

2-Ethyl-4-bromothiazole (383; 1 .0 equiv) was taken up in degassed toluene (0.1 M), and 
was then with treated hexamethylditin (10 equiv) and tetrakis(triphenylph08phine)palladi- 
um(0) (0.1 equiv) at 80 •C for 3 h according to the procedure described for the synthesis of 
2.piperidinyl-4-(trimethyl8tannyl)thiazole (373), to yield, after flash column chromatography 
(silica gel. 5% NEt3 in hexanes). 2-ethy|.4-(trimethyl«tannyl)thia2ole (384) In 100% yield. 

Synthesis of 2-DlmelhylainliKH4.tremthyl«lannylthla20le 388 as Illustrated In Figure 53. 

2.4-Dibromothia2ole (388: 1.0 equiv) was dissolved in DMF (0.1 M) and heated at 150-160 
»C for 8 h, upon which completion of the reaction was indicated by TLC. The mixture was 
poured into water and extracted with ether (2 x). Drying (MgS04) and evaporation of the 
solvents gave 2-dlmethylamino-4-bromothia20le 388, which was isolated after flash column 
chromatography (silica gel. 5% EtOAc in hexanes) in 89% yield. 

2.0imethylamino-4-bromothiazole (385; 1 .0 euqiv) was taken up In degassed toluene (0.1 
M). and was then treated wfth hexamethylditin (10 equiv) and tetrakl8(triphenylphosphine)- 
palladium(0) (0.1 equiv) at 80 'C for 3 h according to the procedure described for the syn- . 
thesis of 2.piperidiny»-4.(trimethylstannyOthia2ole (373). to yieW. after flash column chro- 
matography (silica gel. 5% NEta In hexanes). 2-dlmethylamino-4.(trimethyl8tannyOthiazole 

(386; 100%). 

Synthesis of 2.ActtoxymsthyMKWmelhylstsnny0thla2ols 388 ss lUustrstsd in Figure 

53. Alcohol 380 (1 .0 equiv) was taken up in pyridine-acetic anhydride (1 :1: 0.2 M) at 25 
•C and stirred at this temperature for 3 h. in accordance with the procedure for the fom&- 
tlon of acetate 370. to give, after purificatton by flash column chromatography (silica gel, 5% 
EtOAc in hexanes), 2.acetoxymethyl-4.bromothia20le (387) in 95% ylsld. 

m 

2-Acetoxymethy|.4.bromothiaiole (387) was taken up in degassed toluene (0.1 M). and was 
then treated hexamethylditin (10 equiv) and tetraki8(triphenylphosphine)pallad.um(0) (0.1 
««uK/^ at so for 3 h acoorting to the procedure described for the synthesis of 2 
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nyl-4-(trimethyistannyl)thtazole (373). to yield, after flash column chromatography (silica gel, 
5% NEt3 in hexanes). 2-acetoxymethyl-4-(trimethylstannyt)thlazole (388; 100%). 

Synthesis of 2*nuoromethyl-4Htrimethy(stannyl)thia2ole 390 as Illustrated In Rgura 

53. A solution of alcohol 360 In CH2Ci2 (0.1 M) was added via syringe to a cold (—78 'C) 
solution of diethylaminosulfur trifluoride (OAST. 1 .1 equiv) in CH2CI2 (0.1 M). The reaction 
was allowed to warm slowly to 25 'C. and was then quenched by addition of saturated 
aqueous NaHCOa solution. The organic layer was separated and washed with saturated 
aqueous NaCI solution. After drying (MgS04) and evaporation of the solvent under reduced 
pressure, purification by flash column chromatography (silica gel. 5% EtOAc in hexanes) 
r suited in 2-flubromethyt-4-bromothiazole (389) in 88% yield. 

2-RuoromethyM-bromothiazole (389; 1 .0 equiv) was taken up in degassed toluene (0.1 M). 
and was then treated with hexamethyiditin (10 equiv) and t8traki8(triphenytphosphine)palia- 
dium(O) (0.1 equiv) at 80 °C for 3 h according to the procedure described for the synthesis 
of 2-piperidlnyM-(trimethyi8tannyi)thiazole (373). to yisld. after flesh column chromatogra- 
phy (silica gel. 5% NEts in hexanes). 2-fluoromethyt-4*(trimethylstannyOthiazoie (380) in 

100% yield. 

Synthesis of 1-Methyl-2-(lrimethytstsnnyOlmldazole 391 as lllustratsd In Flgurs 53. To 

a solution of 1-methyiimidazole (1.0 equiv) in ether (0.1 M) was added n-BuU (1.2 equiv) at 
-78 'C. and the resulting mixture was stirred at ttiis temperature for 10 min. TrimethyMn 
chloride (1 .2 equiv) was then added, and the reaction mixture was stirred at -78 'C for 10 
more min and then wanned up to 25 X over a period of 1 h. The reaction mixture was di- 
luted with hexanes and passed through silica with 20% EtOAc in hexanes. Ths ends pro- 
duct was purified by flash chromatography (silica gel pre-treated with trtethylamine. 5% 
Et20 in hexanes) to afford stannane 391 in 85% yield. 

General Procedure for Stille Coupling with Epothllone analogs as lllustratsd In Figure 
52 end compounds found In Figures 5*« • General Procedure A. A solution of vinyl 
iodide (1 .0 equiv, ds- or trans^ompound). aryl stannane (2.0 equiv) and tetraki8(triphsnyl- 
phosphine)palladlum(0) (0.1 equiv) in degassed toluene (0.1 M) was heated at 100 'C for 
30^40 min. The reaction mixture was poured into saturated aqueous NaHCOs-NaCI solu- 
tion and extracted with EtOAc. The organic extract was dried (Na2S04). and the solvents 
were removed under reduced pressure to yield, after puriflcaflon by preparative thin layer 
chromatography (250 urn silica gsl plat . 75% ether in hexanes). the corresponding epo- 
thllone analogs (see Table for yields). 
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General Procedure B. A solution of vinyl iodide (1 .0 equiv. as- or trans-compound), aryl 
stannane (2.0 equlv) and palladium(!l) bis(l)enzonitrile) dichloride (0.1 equiv) In degassed 
DMF (0.1 M) was stirred at 25 tor 1 0 h. The reaction mixture was poured Into saturated 
aqueous NaHCOa-NaCI solution and extracted with EtOAc (2 x). The organic extract was 
dried (Na2S04), and the solvents were removed under reduced pressure to yield after puri- 
fication by preparative thin layer chromatography (250 ^m silica gel plate, 75% ether in 
hexanes) the corresponding epothilone analogs (see Table tor yields). 

Synthesia of epoxide 356B from 35eA as illuetrated in Figure 56. Conditions exactly as 
that of the conversion from 1 10 to 1 1 1 as shown in Figure 14 (see above). 



Syntheais of alcohol 382 as illustrated In Rgure 58. Trityl deprateelion Method A. To a 

stirred solution of trityl ether 264(1 equiv.) In CH2CI2 /MeOH (1:1. 0.1 M) at O'C was added 
camphor sultonic acid (1 equiv.) and the mixture allowed to wami to room temperature. Af- 
ter stirring for 2 hours. EtaN (1 .5 equlv.) was added and solvent removed in vacuo. Flash 
chromatography afforded the product 392 as a cotortess oil (70%). 

Method B. To a stirrwJ solution of trityl ether 264 (1 equiv.) in MeOH/CH2a2 (10:1 . 0.1 M) 
was added PPTS (1 equiv.). The reaction was stirred for 72 hours before solvent was re- 
moved in vacuo. Rltradon through a plug of silica gel gave the product 392 as a colortess 

oil (60%). 

Method C. To the trityl ether 264 (1 equiv.) at 0 'C was added a mixture of etherfbrmic 
add (1 :1 . 0.2M). After stirring for 1 hour, the reaction was quenched with saturated aque- 
ous sodium bicarbonate. The layers were separated and the aqueous phase extracted with 
ether. The combined organic extracts were dried (MgS04). filtered and concentrated in 
vacuo. Rash chromatography gave the product 392 as a cotortess oil (65%). 

* 

Syntheala of compound 393 aa lUuatrated In Rgu^ 88. RuorlnaUon of aliylie aloohel 

392. to a stirred solutton of allyllc alcohol 393 (1 equiv.) in CH2CI2 at -78 •C was added dl- 
ethylamino sulfurtrtfluoride (DAST. 1 equiv.). The reactten was then allowed to wann stowly 
to room temperature before being quenched with saturated aqueous sodium bicarbonate 
solution. The layers were separated and the aqueous phase extracted with CH2CI2. The 
combined organic extracts were dried (MgS04). filtered and concentrated in vacuo. Rash 
chromatography gave the fiuoride 393 as a colortess oil (30%). 
syntheala of compound 394 aa lllualrated in Rgure 88. Compound 394 was prepared 
using conditions exactly as described tor the convemion of 121 to 71 (vWa supra) in Rgure 
18. 
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SynthMis f . compound 395 m Illustrated in Figure 58. Compound 395 was prepared 
using conditions exactly as descrilMd for the conversion of 71 to 2 (vida supra) in Rgure 1 S. 

Synthesis of compound 396 as Illustrated in Rgure 58. Chlorination of aityllc alcohol 
392. To a solution of allylic alcohol 392 In CCI4 (0.1 M) was added PPh3 (2.5 equiv.). The 
reaction was then heated to reflux for 18 hours. After cooling to room temperature, the sol- 
vent was removed in vacuo and the resulting residue filtered through a plug of silica gel to 
provide the chloride 396 as a colorless oil (90%). 

Synthesis of compound 397 ss illustrated in Figure 58. Compound 397 was prepared 
using conditions exactly as descrit)ed for the conversion of 121 fo 71 (see aijove) in Figure 

18. 

Synthesis of compound 398 ss illustrated In Rgure 58. Compound 398 was prepared 
using conditions exactly as descrilMd for the conversion of 71 to 2 (see above) in Rgure 16. 

Synthesis of compound 399 as lliustratsd In Rgure 59. Mkylatlon of sllylie sleohol 

392. To a suspension of sodium hydride (1 .2 equiv.) in THF (0.1 M) was added a solution of 
the allylic alcohol 392 In THF. After stirring for 30 minutes, a solution of the all<yl haiide in 
THF (1 .OM; alkyi haiide can be selected from the group consisting of lodmethane, iodo- 
ethane, 2-iodopropane. l-iodobutane, 1 -iodopropane, benryl iodide and allyl iodide; com- 
mercially available from Aldrieh/ Sigma) was added and the resulting mixturs was stirred 
until TLC indicated completion of the reaction. Saturated aqueous ammonium chloride 
solutiori was added and the layere were separated. The aqueous phase was extracted with 
ether and the combined organic extracts were dried (MgS04). filtered and concentrated in 
vacuo. Rash chromatography gave the tther product 399. 

Synthesis of Triol 400 ss lliustratsd In Rgure 59. Compound 399 (1 equiv.) was treatsd 
with a 30 % solution of HPpyridins In THF. Aftsr stirring for 24 hours, the reaction was 
quenched by pouring Into saturated sodium bicarbonate solution. The layers were separa- 
ted and the aqueous phase extracted with ether. The combined organic extracts were dried 
(MgSO*). filtered and concentrated in vacuo. Rash chromatography gavs 400 (78%). 

Synthssls of compound 401 as lliustratsd In Rgure 59. Compound 398 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vids supra) in Rgure 16. 

Synthssls f epoxide 403 ss lliustratsd In Rgure 60. To a solution of 9.55g (53.6 mmol) 
of alcohol 402 and .25 equiv of D-(+)dii8opropyl tartrate in 0.1 Molar of dichioromethane 
was added. The solution was cooled to -30 -C and .2 equiv of freshly disBlisd titanium te- 
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traisopropoxtd was added. The clear solution was stirred at • 20 "C for 30 min. and an ali- 
quot was quenched for capillary GLC analysis. After an additional 5 min of stirring at -20<'C. 
2.0 equiv of a 1.5 M solution of ter-butyl hydroperoxide in 2.2.4-timethylpentane was added 
over 1 0 min. The resulting mixture was stin-ed at 20 "C for 3h after which the reaction was 
quenched by pouhng into saturated sodium bicarbonate solution. The layers were separa- 
ted and the aqueous phase extracted with ether. The combined organic extracts were dried 
(MgS04), filtered and concentrated in vacuo. Rash chromatography gave 403. 

Sythesia of etters 404. Method 1. To a stirred solution of 403 (1 equiv.) in THF (0.1 M) 
was added triethylamine (1.1 equiv.) and the required anhydride (1.1 equiv. ((RC0)20) 
selected from the group consisting of acetic anhydride, chloroacetic anhydride, propionic 
anhydride, trifluoroacetic anhydride, laobutyric anhydride; commercially available from 
Atdrich/ Sigma). After stirring for 2 hours, the reaction was quenched with saturated aque- 
ous sodium bicarbonate solution. The layers were separated and the aqueous phase ex- 
tracted with ether. The combined orgainc extracts were dried (MgS04). filtered and con- 
centrated /n vacuo. Flash chromatography gave 403. 

Syntheale of estere 404. Method 2 ae illuetraled in Figure 60. To a stirred solution of 
403 (1 equiv) in CH2Q2 (0.1 M) was added triethylamine (l .1 equiv.) and the required add 
chloride (1.1 equiv. selected from the group consisting of pivaloyi chloride, cyclopropanecar- 
bonyl chloride, cyclohexanecarbonyl chloride, acryloyl chloride, benzoyl chloride. 2-furoyl 
chloride, N-ben2oyl-(2R,3S)-3-phenyliso8erine, dnnamoyl chloride, phenylacetyl chloride. 2- 
thlophenesulfonyl chloride; commercially available from Aldrich/ Sigma). After stirring for 2h, 
the reaction was quenched with saturated aqueous sodium bicarbonate solution. The layers 
were separated and the aqueous phase extracted with ether. The combined orgainc ex> 
tracts were dried (I>*gS04), filtered and concentrated in vacuo. Flash chromatography gave 

404. 

Syntheeia of thioether 405 as illustrated in Figure 60. To a stirred solution of allyiic alco- 
hol 392 (1 equiv,) In THF (0.1 IWI) v«8 added the required disulfide (2 equiv.) followed by 
tribytui phosphite (2 equiv.). After stirring for 4 hours the reaction was quenched with brine 
and the layers were separated. The aqueous phase vims extracted with ether and the corn- 
organic extracts were dried (MgS04). filtered and concentrated in vacuo. Flash chro- 
matography gave the thioether 400 . 

Syntheeia of compound 406 as illustrated In Rgure 60. Compound 406 was prepared 
using conditions exactly as described fbr the conversion of 121 to 71 (vida supra) in Figure 
18. 
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SynthMis f compound 407 as iilustratsd in Rgurt 60. Compound 407 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vida supra) in Figure 16. 

Synthesis of compound 408. Tosylation of allytlc alcohol 392 as Illustrated In Rgure 

61 . To a stirred solution of aiiylic alcohol 392 (1 equiv) In CH2CI2 (0.1 M) at 0 °C was added 
Et3N (4.0 equiv) followed by tosyt chloride (2.0 eqluv). The reaction mixture was wanned to 
room temperature and stirred until complete as determined by .TLC. Saturated ammonium 
chloride solution was added and the layers were separated. The aqueous phase was ex- 
tracted with ether and the combined organic extracts were dried. (MgS04), filtered and con- 
centrated /n vacuo. Flash chromatography gave the tosylate 408. 

Synthesis of ailde 409 as illustrated in Rgure 61. To a stirred solution of tosylate (1 
equiv.) 408 in DMF was added sodium azide. The reaction was stirred for some hours. Sa- 
turated ammonium chloride solution was added and the layers were separated. The aque- 
ous phase was extracted with eteher and the combined organic extracts were dried 
(MgS04). filtered and evaporated in vacuo, piash chromatography then provided the azide 

409. 

Synthesis of dtol 410 illustrated In Rgure 61. Azide (1 equiv.) 409 was treated with a 
30% solution of Hfpyridine in THF. Alter stirring for 24 hours, the reaction was qusnched by 
pouring into saturated sodium bicarbonate solution. The layers were separated and the 
aqueous phase extracted with ether. The combined organic extracts were dried (MgS04), 
filtered and concentrated in vacuo. Rash chromatography gave 410. 

Synthesis of amine 411 as iUintratad In Rgure 61. To a stirred solution of azide 411 (1 
equiv.) in a mixed solvwit system of THF:H20 (1:1, 0.1 M) m PPha. The reaction was stir- 
r d for 4 hours before being poured into saturated brine. The layers were separated and 
the aqueous phase extracted with ether. The combined orgainc extracts were dried 
(IVIgSOA), filtered and concentrated /n vacuo. Rash chromatography gave 411 . 

Synthesis of amidea 412 as llluatrated In Rgure 61. Method 1. To a stirred solution of 
amine 41 1 (1 equiv.) in THF (0.1 M) was added triethylamine (1 .2 equiv.) and the required 
anhydride (1 .1 equiv. ((RC0)2O) selected from the group consisting of acetic anhydride, 
chloroacetic anhydride, propionic anhydride, trifluoroacetic anhydride, isobutyric anhydride: 
commercially available from Aldrich/ Sigma). After stirring for 4 hours, the reaction was 
quenched with saturated aqueous sodium bicarbonate solution. The layers were separated 
and the aqueous phase extracted with ether. Th combined orgainc extracts were dried 
(MgS04), filtered and concentrated in vacuo. Rash chromatography gave 412. 
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Amid s 412. Method 2. To a stirred solution of amin 41 1 (1 equiv) in CH2D2 (0.1 M) was 
added triethyiamine (1.2 equlv.) and the required acid chloride (1.1 equiv. selected from the 
group consisting of pivaloyt chloride, cyclopropanecarbonyi chloride. cyclohexanecart)onyl 
chloride, acryloyi chloride, Ijenzoyi chloride, 2-furoyl chloride, N-t)enzoyl-(2R.3S)-3-phenyl- 
isoserine, cinnamoyi chloride, phenylacetyl chloride, 2-thiophenesulfonyl chloride: commer- 
cially avjailable from Aldrich/ Sigma). After stirring for 4 hours, the reaction was quenched 
with saturated aqueous sodium bicarbonate solution. The layers were separated and the 
aqueous phase extracted with ether. The combined orgainc extracts were dried (MgSO^, 
filtered and concentrated in vacuo. Rash chromatography gave 412. 

Synthesle of compound 413 as Illustrated In Rgure 61. Compound 413 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vida supra) in Rgure 16. 



Synthesis of Aldehyde 414. Oxidation of Alcohol 403 as Illustrated In Rgure 62. To a 

solution of alcohol 403 (1 .0 equiv.) in CH2CI2 (0.1 M) was added at -78 'C TEMPO (2,2.6.6- 
tetramethyl-1 -piperidinyloxy. free radical.) (0.008 M solution in CH2a2. 1 -5 •Quiv). KBr (0.2 
M aqueous solution. 0.1 equiv). and NaOa (0.035 M solution in 5% aqueous NaHC03. 1.0 
equiv). After stirring for 0.5 h, the organic layer was drisd (MgS04). filtered and concentra- 
ted under reduced pressure. Purification by preparative chromatography provided aldehyde 
414 (75%). 

Synthesis of csrboxylie Add 41S. Oxidation of Aldshyde 414 ss Illustrated in Rgure 

62. Aldehyde 414 (l equiv.), ©uOH (0.1M). isobutylene (3.0 equiv.). H2O (0.02M), NaCI02 
(3.0 equiv.) and NaH2P04 (3 equiv.) were combined and stiffed at room temperature for 
1 h. The reaction mixture was concentrated under reduced pressure and the residue was 
subjected to flash column chromatography to afford cartjoxylic acid 415. 

Syntheals of ester 416. CoupUng of add 415 wW) dW^rsnt sicohols and aminss ss 
lllustratsd In Rgurs 62. A solution of add 415 (1 .0 equiv). 4.(dimethyiamino)pyridlne (4- 
DMAP, 0.1 equiv) and alcohol or amine selected from the group consisting of methanol, t- 
butanol. i-propanol. phsnol. benzyl alcohol, furfurylamine N.ben2oy|.(2R.3S)-3-phenyllso. 
serine, dimethyl amine, diethyl amine, benzyl amine (1 .0 equiv) In CH2CI2 (0.3 M) was 
cooled to 0 oc and then treated with i.ethy|.(3KJImethylaminopropyO-3-carbodiimide hy- 
drochloride (EDC. 1 .2 equiv). The reaction mixture was stirred atOXfor2handthenat 
25 -C for 5 h. The solution was concentrated to dryneM in vacuo, and the residue was 
taken up in EtOAc (10 mg and water (10 mL). The organic layer was ssparated. washed 
with saturated NH4CI solution (10 mL) and water (10 mL) and dried (MgS04). Evaporation 
ftf th. ««K/.nt» teiiowad bv flash column chromatography resulted In pure ester 416. 
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Synthesis of variabi ring size Compounds shown In Rgurs 68. Synthesized according 
to the procedure as described above as shown in Figures 12-19 using 1015, 1016, 1033, 
1035 (synthesis shown) instead of 75; see conditions in the description of Figures for 



68. 

Synthesis of variable ring size Compounds shown in Rgure 69. Synthesized 
to the procedure as described above as shown in Figures 12-19 using 1015, 1016, 1033, 
1035. (synthesis shown) instead of 75; see conditions in the description of Figures for Rg. 
69. 

Synthesis of variable ring size Compounds shown in Rgure 70. Synthesized according 
to the procedure as described above as shown in Rgures 12-19 using 1015, 1016, 1033, 
1035 (synthesis shown) instead of 75; see conditions in the description of Rgures for Rg. 

a 

70. 

Synthesis of Compound 100k ss shown in ngura 72. Oioi 41 4 (1 .0 equiv) was dissoived 
in CH2CI2 (0.1 M), the soiution was cooled to 0 *C and EtaN (10 equiv) was added. After 
stirring for 5 min, chloro trimethylsilane (5.0 equiv) was added dropwise and the reaction 
mixture was allowed to stir at 0 °C for 1 h. and then at 25 *C for 1 1 h. after which time no 
starting alcohol was detected by TLC. Methanol (2 ml4 was added at 0 oc and the solvent 
was removed under reduced pressure. Flash column chromatography provided pure 2000 
(67%).Next. methyttriphenytphosphonium bromide (1 .5 equiv) was dissolved in THF (0.2 M) 
and the solution was cooled to 0 *C. Sodium hexamethyldisilylamide (NaHMDS. 1 .4 equiv) 
was slowly added and the resulting mixture was stinred for 1 5 min t)efore aldehyde 2000 
(1 .0 equiv) was added at the same temperature. Stirring was continued for another 0.5 h at 
25 °C and then, the reaction mixture was quenched with saturated aqueous NH4CI solution. 
Ether was added and the organic phase was separated and washed with k)rine, dried 
(MgS04) and concentrated under vacuo. The crude product was purified by flash column 
chroniatography to afford olefin 2001 (75%). The deprotection of compound 2001 to com- 
pound 1000K* was done in 99%, according to the procedures described above (using 
HF pyridinepyridineTHF mixture). 

Synthesis of Compound 2003 as shown In Rgure 73. To a stirred solution 0^ * ' 
(1 equiv) in CH2CI2 (0.1 M) at 0 "C was added EtaN (4.0 equiv) followed by tosy 
(2.0 equiv) and DMAP (0.1 equiv). The reaction mixture was wanned to room temperature 
and stirred until complete as detennlned by TLC (1 h). Saturated ammonium chloride solu- 
tion was added and the layers were separated. The aqueous phase was extracted with 
..^ M.. mmm..^ »manie mriraets war« dried. (MoSOa). filtered and concentrated in 
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vacuo. Rash chromatography gave the tosylate 2002 (85%). Next, To a stirred solution of 
tosylate (1 equiv) 2002 in acetone (0.1 M) was added sodium iodide. The reaction was stir- 
red for 12 hours. Saturated ammonium chloride solution was added and the layers were 
s parated. The aqueous phase was extracted with ether, and the combined organic ex- 
tracts were dried (MgS04). filtered and evaporated in vacuo. Rash chromatography then 
provided the iodide 2003 (85%). 



Synthesis of Compound lOOOn as lUustratad in Rgure 74 To a solution of allylic alcohol 
.392 In Et20 (0.1 M) was added Mn02 (5.0 equiv.). The reaction was then stirred for 3 hours 
at 25 The suspension was filtered through a plug of celite to provide after flash column 
chromatography, compound 2004 as a colorless oil (85%). Next, To a stirred solution of tri- 
methylsilyl diazomethane (1.5 equiv.) In THF (0.1 M) at -78 'C was added n-BuU (1.3 
equiv.). The solution was stirred at the same temperature for 1 h prior additioh of aldehyde 
2004 (1 .0 equiv.). Stirring was maintained for another hour at -78 'C, and the solution was 
then altowed to wami slowly to 0 'C before being quenched with saturated aqueous sodium 
bicarbonate solution. The layers were separated and the aqueous phase extracted with 
CH2CI2. The combined organic extracts were dried (MgS04). filtered and concentrated in 
vacuo. Rash chromatography gave the compound 2005 as a colortess oil (75%). The de- 
protection of compound 2005 to afford lOOOn was done in 91%, according to the procedure 
descrit)ed vida supra (using HFpyridine in THF). 

Synthesla of Compound 1001* as Ulustratsd In Rgure 75. To a stirred solution of com- 
pound 2005 (1 .0 equiv.) in ethylacetate (0.1 M) at 25 '0 was added under argon. Undlar 
catalyst (0.1 equiv ). The solution was then stirred at the same temperature under an atmo- 
sphere of hydrogen (H2) for 0.25 h or unty reaction was completed. The suspension was fil- 
tered over celtte and the solution concwitrated in vacuo. Rash chromatography gave the 
compound 2009 as a oolorisas oil (30%). The deprotection of compound 2009 to afford 
2007 was done in 90%. according to the procedure described for the synthesis of dlol 2007 

i«TWP\ Pin«ihi. iha oxidation was carried out identically as that of epo- 




(using 

thilone B synthesis to provide 1001 0*)* 

Synthesis of spoxlde 2009. Epoxide 2009 was prepared from 392 using the sam( 
tions as that of convereion of compound 402 to 403 with the use of (•) diethyl-L-tart 
stead of (♦) diethyl-D-taitrate) wherein compound 2009 was obtained In 79% yisW. 
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Synthesis of aliyile Alcohol 2009. To a stirred solution of 2008 in a mixed solvent system 
of MeCNrether (3:1 . 0.1 M) at 0 ""C was added triphenyfphosphlne (2.5 eq.) and iodine (1 .2 
eq.). After stirring at this temperature for 1 hour, the reaction was quenched with water and 
the layers were separated. The aqueous phase was extracted with ether (3 times) and the 
combined organic extracts then washed with saturated aqueous Na2S203 solution. After 
drying (MgS04), the organic solution was filtered and concentrated in vacuo. Rash chro- 
matography provided the ailyiic alcohol 2009. 

* » 

Synthesis of stannane 2010. To a stirred solution of allyilc alcohol 2009 In THF (0.1 M) at 
RT was added solid palladium hydroxide (0.2 eq.) followed by very slow addition of BusSnH 
(1 .5 eq.). After stirring for one hour, the solvent was removed in vacuo, and the residue fil- 
tered through silica gel to give 2010. 

SynthMis of eyeloprepyl compound 201 1 . To a stirred solution of stannane 2010 In 
CH2CI2 (0. 1 M) at -1 £f C was added triethylamine (4 eq.) fbltowed by methane suHonyl 
chloride (2 eq.). After stirring at this temperature for 1 hour, the reaction was quenched by 
the addition of saturated aqueous sodium t)icartK)nate solution. The layers were separated 
and the aqueous phase extncted with CH2Ct2 (3 times). The comt)ined organic extracts we- 
r dried, filtered and concentrated in vacuo. Rash chronnatography gave the product 201 1 . 

a 

Syntheaia of cyclopropane epothllone A 2012. Product 201 1 was deprotected as descri- 
bed previously for the conversion of 2001 to 1000k' using HF*pyr in THF. 
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What is elflimad is: 



1 . A compound represented by the following structure (formula (I)): 




(I) 



wherein n is 1 to 5: either R* is -ORi and R** is hydrogen, or R*and R**togs{b%formja. 
further bond so that a double. bondJis pmsflnt hatwaenJthelWQ carbon atoms canyingi)* 
and R**: R-i is a radical selected from the group consisting of hydrogen or methyl, or a 
protecting group: R2 is a radical seieeted from the group consisting of hydrogen, methyleni 
and methyl; R3 is a radical selected from the group consisting of hydrogen, methylene and 
methyl; R4 is a radical selected from the group consisting of hydrogen or methyl, or is a 
protecting group; Rg^is a radical selected from the group consisting of hydrogen, methyl, 
CHO. -COOH. •C02Me. -C02(J«rt^butyl), -C02(/«)-propyl), -C02(phenyl), -C02{beniyl), 
CONH(fUrfuryl), ^02(A«)enzo-(2R,3S)-3-phenylisoserine). •C0N(methyl)2, -CON (ethyl)2. 
CONH(bentyl), -CH«CH2, HC2C- . andPDH2Ri 1 ; R^ 1 is a radical selected from the 

group consisting of -OH. -O-Trityl, -©.(Ci^Je alkyi), -(Ci-Ce alkyO. -0-benryl. -O-aityl, 
-OCOCH3. -O-CQCH^ -OHCOCH2CH3. -OCOCFs. .O.COCH(CH3)2. -0-000(083)3, 
-0-00(cyctopropane),-OCO(cydohexane), -0-C0CH»CH2, -O-CO-Phehyl, -0-(2-furoyl), 
•0-(/V-benzo-(2a3S)-3-P»»ny«80serine). -O-dnnamoyt. -0-(acetyH)henyl). -©-(^-thiophero 
suHbnyl), -S-(a|-Ce alkyI). -SH, -S-Phenyl, -S-Benzyl, -S-furfuryl. -NH2. -N3. .NHOOCH3, 
-NHC0CH2a. .NHCOCH2CH3. .NHCOCF3. .NHOOCH(CH3)2. -NHCO-0(CH3)3, 
.NHCO(cydopropane),-NHCO(cydohexane). -NH00CH-0H2. -NHCO-Phenyl. -NH(2-fu- 
royl), -NH-(AAbei«o-(2R.3S)-3-phenyliso8erine), -NH.(cinnamoyl), -NH-(acetyl-phenyl). -NH 
(2-thiophene8uHbnylL^. -a. I, -OH2OO2H and methyl; Rg |«at»ent. methylene, or 
oxygpn; R7 is hydrogenisRa is a radical selected from the group represented by the 
mulas: 
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wherein Rt is a radical selected from the group consisting of hydrogen and methyl; R-jg is a 
radical selected from the group represented by the formulas: 












0-Rx 



'.and (In a broiler aspect Of the invention) 





wherein Rx is acyl; 
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Ri2 is a radical selected from the group consisting of hydrogen, methyl or a protecting 
group, preferably fe/t-butyidiphenyisilyl, fert-butyldimethyisilyl, trimethylsilyl, acetyl, benzoyl, 
faff butoxycarbonyl and a group represented by any one of the following formulae: 




/ 



and 



O HN 



or a salt thereof where a salt-forming group is present: 

where, in the above structures. *a* can be either absent or a single bond; *b' can be either a 
single or double bond; 'c* can be either absent or a single bond; *d* can be either absent or 
a single bond, and the following provisos pertain: 

a. If R2 is methylene, then is methylene; 

b. if R2 and R3 are both methylene, then * a ' is a single bond: 

c. if R2 and R3 are selected from the group consisting of hydrogen and methyl, then 
the single bond ' a ' is absent: 

d. if n is 3. R2 is methyl, R3 is methyl, Rs is selected from the group consisting of 
methyl and hydrogen. R5 is oxygen, R7 is hydrogen. Rg is represented by the 
formula: 



wherein R» is hydrogen, and Rio is represented by the formula 

S 




e. 
f. 

9- 



then Ri and R4 cannot both be simultaneously hydrogen or methyl or acetyl: 
if Rq is oxygen, then 'c' and "d" are both a single bond and 'b" is a single bond: 
if Rq is absent, then 'c* and 'd' are absent and 'b* is a double bond: and 
if 'b' is a doubl bond then Rq, 'c*. and "d* are abeent 
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2. A compound of the formula I according to claim I. wherein n. a. b, c d. Ri, Rt. Rs, R4. Rs. 
Re. R7 and Rs have the meanings given in claim I. or a salt thereof where a salt-fomning 
group is present, with the exception of a compound of the fonnula t wherein 
nis3; 

Ri is hydrogen, methyl, acetyl, kMnzoyl. trialkyl sllyl or k)enzyl; 
Ra is methyl: 
Rs is methyl; 

R4 is hydrogen, methyl, acetyl, benzoyl, trialkyl silyl or benzyl; 
Rs is hydrogen or methyl; 
Rs is 0 or 

Rs is absent and a is a dout)le bond; 
Rr is hydrogen; 



Rs is a radical of the formula 




wherein 

Rft is a radical selected from the group consisting of hydrogen and methyl; 
and Ri q is a radical represented by the formula: 




3. A compound according to daim I, represented by fonnula II, 

Rs 




(II). 



wherein n is one to five. 

R, is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
R« is a radical selected from the group consisting of hydrogen, methyl or a protecting group. 
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Rs is a radical selected from the group consisting of hydrogen, methyl, •CHO. -COOH, 
C02Me, -C02(tert-butyl), -C02(/so-propyl), -C02(phenyl), -C02(benryl), -CONH(furfufyO, - 
C02(/^benzo-(2R,3S)-3-phenyiisoserine), •C0N(methyi)2. •CON(ethy02. •CONH(benzyO, - 
CIH2R<t 1 -01-180^12 and HCsC- ; where R-j i is a radical selected from the group 

consisting of -OH, -0-Trityl, -0-{Ci-Ce alkyi), -0-benzyl, -0-aliyl, -O-COCH3, -O-COCH2CI, 
-OCOCH2CH3, -O-COCF3, -O-C0CH(CH3)2. -0-CO-C(CH3)3. 0-C0(cyclopropane),- 
OCO(cydohexane), -O-C0CHsCH2, -0-CO-phenyl, -O-(2-furoy0, -0-(W-benzo-(2R.3S)-3- 
phenylisoserlne), -O^nnamoyl. -0-{acetyl-phenyl), •O-(2-thiophenesulfbny0. -S-CCi-Cg 
alkyI). -SH. -S-Phenyl, -S-Benryl, -S-furfuryl, -NH2, '^3, -NHCOCH3, •NHC0CH2a, 
.NHCCX»l2CH3. .NHCOCF3, .NHCXX:H(CH3)2, •NHC0-C(CH3)3, -NHCOCcydopropane). 
•NHCO(cyelohexane). •NHC0CH-CH2. -NHCO-phenyl, -NH(2-furoyO, -NH-(AM)enzo- 
(2R,3S)-3-pheny«80serine). -NH-(clnnamoyl). -NH-(acetyl-phenyl), •NH-(2-thiophene8ul. 
fonyl), -F, -CI, I. CH2C02,H, -(Ci -Cg alkyI) and methyl: 
and Rio is a radical selected from the group represented tiy the fonnulae: 
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\\ ;and | I] wherein Rx is acyl; 

with the proviso that if Rs is either methyl or hydrogen and Rio is represented tjy the 
following formula: 




then Ri and R4 cannot simultaneously be hydrogen or methyl or acetyl. 

4. A compound of the formula II according to claim 3, wherein the compound has the 
formula Ha 




OR, 



wherein n is 3 and Ri. R4. Rs and Rio are as defined in claim 3, or a salt thereof where a 
salt-forming group is present 

■ 

* 

5. A compound according to claim 3 of the fomiula 
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Wherein Rio is as defined in claim 3 and Rs is -CHaF. -CH2CI. CHaOOCCHs. -CHaCHs or - 
CHsCHa. 




wherein Rs is -CHaF, -CHsQ. CHaOOCCHa, -CHjCH, or -CH=CHa. 



7. A compound according to daim 1 of the formula III. 




(III) 



wherein n preferably is one to five; 

R, is a radical selected from the group consisting of hydrogen, methyl or a protecting g 
R« is a radical selected from the group consisting of hydrogen, methyl or a protecting g 
Rs is a radical s lected from the group consisting of hydrogen, methyl. -CHO. -COOH, 
COaMe. .C02(f»rM)tityl). -COaC/so-propyl). -C02(phenyO. ^(benzyl). -CONH(furfui 
co«//ah«aD.(2fl.3S^^ohenyli80serine). .C0N(methyl)2. -C0N(ethyl)2. -CONH(bena 
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and •CH2R1 1 :or in a broadar aspect also from •CHsCH2 and HCSC- : where ^ is a 

radical selected from the group consisting of -OH, -0-Trityl, -0-(Ci -Ce alkyO, -0-benryl, -O- 
allyl. -O-COCH3. -O-COCH2CI. -0-CCX;H2CH3, -O-COCF3, -0-COCH(CH3)2. 
-0-CO-C(CH3)3, -0-CO(cyciopropane),-OCO(cyciohexane). ■OCOCHSCH2. 
•0-CO-phenyl, -0-(2-furoyO. -0-(AAbenzo-(2R,3S)-3-phenyiisoserine). -O-cinnamoyi, 
•0*(acetyi*phenyl). •0-(2-thiophene8uHdnyl). -S-CCi-Ce alicyl). -SH. -S-Phenyi. -S-Benzyl, • 
S-furfuryl. .NH2. -N3, -NHCOCH3. -NHCXX>i2a. -NHCXX:H2CH3. -NHCOCF3. 
-NHCOCH(CH3)2. -NHCOC(CH3)3, .NHCO(cyclopropane),-NHCO(cyclohexane). 
.NHC0CH=CH2. -NHCO-phenyl, -NH(2-furoyl). -NH-(A/-ben20-(2R,3S)-3-phenyliso8efine), 
-NH-(cinnamoyl). -NH-Cacetyl-phenyO, -NH-(2-thiophenesulfonyl). -F, -O. -1. CH2CO2H ; and 
from -(Ct -Ce alkyO and methyl: 

and Rio is a radical selected from the group represented by the fomiulae: 
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and I I] wherein Rx is acyl. 



with the proviso that if Rs is either methyl or hydrogen and Rio is represented by the 
following formula: 




then Ri and R4 cannot simultaneousty be hydrogen or methyl or acetyl; 
or a salt thereof if a salt-froming group is present 

8. A compound of fomwila III according to claim 7 wherein Rs is -CHaF, -CH2CI, 
CHaOOCCHs, -CHaCH* or -CHsCHathe double bond with the wavered line is in cis form and 
thfl) remaining moieties are as defined in claim 7. 

9. A compound according to claim 1 of the formula IV 




wherein Ri is a radical selected from the group consisting of hydrogen, mettiyl or a 
protecting group. 

R« is a radical selected from the group consisting of hydrogen, methyl or a protecting group. 
Rs is a radical selected from the group consisting of hydrogen and methyl. 
R,o is a radical selected from the group represented by the formula : 
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N S 




0-Rx 



N 

\ 





: and 




wherein Rx is aeyl: 



Rs is a radical selected from hydrogen and methyl: 

Ra is hydrogen and methyl; and Rt is hydrogen or methyl; 

with the following provisos that 

if R, and R, are hydrogen or methyl, then the single bond 'a' is absent; and if R. is methyl 
or hydrogen and Rio is represented by the formula 




then Ri and R4 cannot simultaneously be hydrogen or methyl or acetyl: 
or a salt thereof if a salt-froming group is present 
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10. A compound according to claim 1 of the formula V 




(V) 



wherein Ri is a radical selected from the group consisting of hydrogen, methyl or a 
protecting group, 

R4 is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
Rs is a radical selected from the group consisting of hydrogen and methyl. 
Rio is a radical selected fnsm the group represented by the formulae: 
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* N * N 




N 

\ 




and 




wherein Rx is acy(; 



Ra is a radical selected from hydrogen, methylene or methyl; 

m 

Ra is hydrogen, methylene or methyl; and R» is hydrogen or methyl; 
with the following provisos that 

if R3 is methylene, then Ra is methylene: if Rs and Ra are methylene, then R9 and Ra are 
chemically bonded to each other through a single bond "a"; rf R* and Ra are hydrogen or 
methyl, then the single bond "a" is absent; and if Rs is methyl or hydrogen and Rio is 

* ■ 

represented by the formula 




then Ri and R4 cannot simultaneously be hydrogen or methyl or acetyl. 

1 1 . A macrolactonizatlon procedure for synthesizing epothilone and epothilone analogs 
represented by the following structure: 




(VI) 



wherein R, is a radical selected from the group consisting of hydrogen, methyl or a 
protecting group, especially selected from the group consisting of tert-butyidlmethylsOyl. 
trimethylsilyl, acetyl, benzoyl and tert-butoxycarbonyl. R4 is a radical selected from the 
group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tert-butyldimethylsllyl. trimethylsilyl. acetyl, benzoyl and tert^wtoxy- 
carbonyl. R, is a radical selected from the group consisting of hydrogen, methyl. -CHrOH. 
CHaCI or -CHaCOaH. or (further or alternatively to the preceding moletiee) is -CHaF. 
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-CHsCHa or HCSC* . and Rio is a radical selected from the group represented by the 



formulae: 




land; 




, wherein said 



synthesis is i ' 



by condensing a keto acid represented by the following formula: 

O H,0 O 

with an aldehyde represented by the following structure: 




wherein R19 is a protecting group, for producing a cartwxyllc add with a free hydroxyl moiety 
represented by the following structure: 

a 




OR, O 

the synthesis la then continued by dertvatttng the free hi^xyl TO^ 
carboxyiic add wMh « dertwrtizing agent represented by the fonnula R4-X wherein R4-X is a 
reactive reagent Itor mtrodudng a protecting group or methyl iodide, for producing a 
protected or derivaUzed carboxyiic add represented by the following stmcture 




0 • 
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the Rs protected hydroxyl moiety of the above derivatized cartioxyiic acid Is then 
regioselectively deprotected for producing a hydroxy acid with the following stnicture 




the above hydroxy acid is then macroiactonized for producing a macrolide with the following 



structure: 




the synthesis is then completed by epoxidizing the above macrolide for producing the 
epothilone or epothilone analog of the formula VI. 

■ 

1 2: A method of synthasia for epothitone B according to daim 1 1 . characterized in that the 
starting materials wHh the corresponding substitiients. where required, in protected form, 
are used, and any protecting group or groups is or are removed. 

1 3. A method employing a macrolaclonlzation approach for synthesizing a compound of the 
formula X 




(X) 



OH, 0 
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Wherein each of Ri and R4 is. independently of the other, hydrogen, methyl or a protecting 
group. Rs is a radical selected from the group consisting of hydrogen, methyl, •CHO, 
-COOH. .C02Me. -C02(tert-butyl). -C02(/so-propyl). -C02(phenyl). ^02(benzyl), 
-CONH(furfufyl), •C02(A^benzo-(2R.3S)-3-phenylisoserine). ♦CON(methy02. -CON (ethyl)2. 
.CONH{benzyl). -CH»CH2. HC2C- . and ^H2Ri 1 ; Ri 1 is a radical selected from the 

group consisting of -OH. .Q-Trityl, -0-(Ci -Ce a"«yO. -(Ci -Cg alkyO. -O-benryl, -O^, 
•O-COCHa, -0-C0CH2CI, •O-COCH2CH3, -O.COCF3, -O.<J0CH(CH3)2. -0-CO-C(CH3)3. 
•0^0(cyclopropane),-OCO(cyclphexane), •0-C0CH-CH2. -0-CO-Phenyl. -©-(a-furoyl). 
•0-(/V-benio-(2R.3S)-3-phenyllsoaerine), -Oneinnamoyl, •0-(aceiyl'phenyl), -0-(2-thiophen© 
sulfbnyi). -S-CCi-Ce alkyi), -SH, -S-Phenyl, -S-Banzyl, -S-furturyl, •NH2, -N3. •NHCOCH3, 
-NHCOCH2CI. .NHCOCH2CH3. •NHCOCF3, .NHCOCH(CH3)2. -NHCO^(CH3)3. 
.NHCO(cyclopropane).-NHCO(cydohe)(ane). -NHCCX$HaCH2. •NHCO-Phenyl. .NH(2-fu- 
royl). -NH-(N-ben20-(2R,3S)-3-phenylisoserine), -NH-CcinnamoyO, -NH-(acetyl-phenyl), -NH 
(2-thiophenesulfbnyl), -F. -a, I. -CH2CO2H and methyl; and R,o is one of the radicals of th 
formulae 



and 



•t 





Mherein the synthesis is 



by condensing a ketone of the formula 




wherein R, is hydrogen or methyl or a protecting group: with an.aWehyde of the formula 




H 

wherein R,. is a protecting group for producing a p-hydroxy ketone, with a free hydnjxyl 
moiety and a Ri» protected hydroxyl moiety, of th fonnula 
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O OR, OR,, 



the free hydroxyl moiety of this p-hydroxy ketone is then deiivatized with a disrivatizing 
agent R4-X wherein R4-X is a reactive agent tor the introduction of a protecting group, or 
methyl iodide or methyl sulfate, for producing a protected or derivatized p-hydroxy Icetone of 

the formula 




R^Y^ 

O OR, OR,, . 

the R,8 protected hydroxyl moiety of this protected or derivatized p-hydroxy ketone is then 

deprotected for producing a terminal alcohol with the following stnicture: 




O OR, OH 

this temiinal alcohol is then oxklized tor producing a derivatized cartxwylto 
protected hydroxyl moiety of the tormula 



withaRis 
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this compound is then deprotected regioselectively by removal of the protecting group Ris to 
yield a hydroxy acid of the formula: 




■ 



this hydroxy acid is then macrolactonizad to yield a macrolide of the formula 

I 

O OR, O 

and the synthesis is then completed by epoxidizing the above macrolide for producing the 
epothitone compound of the formula X or a salt thereof where salt-forming groups are 
present, any substitutents in the intermediates have the meanings given under formula X if 
not mentioned otherwise. 

14. The process according to daim 13 fbr the synthesis of epothiione B characterized in 
that the starting materials with the corresponding sutntituents, where required, in protected 
fomt, are.used, and any protecting group or groups is or are removed. 

1 5. A procese fbr synthesizing an epothiione analog, or a saK thereof, having an epoxide 
and an aromatic substitutent wherein a first epothiione intermediate and an aromatic 
stannane are coupled by means of a Stille coupling reaction to produce a second 
epothiione. intermediate, and said first epothiione intermediate is represented by the 
following structure: 
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(XI) 



O OR, O 



wherein Rs is methyl or hydrogen, while Ri and R4 are, each independently of the other, 
selected from hydrogen, methyl or a protecting group, and the aromatic stannane is a 

* ■ 

compound represented t)y one of the following stnictures: 



n-BU|Sn 





0-Ax 



n-BU|S 



n-Bu,Sn 



M«,Sn 




Ma^Sn 




N 




N 



n-BujSn^%_/ ' 



MeiSn'^*^ 



Me,Sn 




\ 



Me,Sn 




0*Rx 



' Ma^Sn 



N 



Me,Sn 
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N 

^ N 



Me,Sn 




Me^Sn 




Me,S 



N 



N 



\ 



Me,Sn 




; and 



Me, 




wherein Rx is acyt. 



yielding a second epothtione intermediate represented by the following structure: 




(XID 



O OR, O 

wherein Rio is a radical represented by any one of the following fonnuiae: 







r— S 0-Rx /— 





N 
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I Ij wherein Rx is acyi. especially lower alkanoyi, such as acetyl; 

and wherein the other moieties are as defined under formula XI, 

andt in a second step of this process, the cis olefin of the second epothilone intermediate 
epoxidized to produce the epothilone analog represented by the following structure: 




0 OR, 0 



wherein Ri, R4 and Rs are as defined under formula XI, while Rio is as defined under 
formula Xll; and, if desired, any protecting group(s) can be removed. 
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in methylene chloride) to provid hydroxy add 72 (203 mg, 78%) as a yellow oil: Rf s 0.40 
(silica gel, 5% MeOH in methylene chloride). 



Synthesis of Hydroxy Acid 107 as illustrated in Rgure 14. Selective Desilytation of tris- 
(Silyl) Ether 106. Cart>oxytic acid 106 (150 mg, 0.18 mmol) was converted to hydroxy add 
1 07 (1 07 mg, 82%) according to the procedure described above for 72. . 

Synthesis of Lactone 108 as lilustratod In Rgure 14. Macrolactonization of Hydroxy Acid 
72. A solution of hydroxy add 72 (200 mg. 0.2a mmol) in THF (4 mL) was treated at 0 "C 
with EtsN (0.23 mL. 1.68 mmol. 6.0 equiv) and 2.4,6-trichlorobenzoyl chloride (0.22 mL 
1 .40 mmol. S.0 equiv). The reaction mixture was stirred at 0 "C fori 5 min, and then added 
to a solution of 4-OMAP (342 mg. 2.80 mmol.. 10.0 equiv) in toluene (140 mL) at 25 *C and 
stirred at that temperature for 0.5 h. The reaction mixture was concentrated under reduced 
pressure to a small volume and filtered through silica gel. The residue was washed with 
40% ether in hexanes, and the resulting solution was concentrated. Purification by flash 
column chromatography (silica gel, 2% MeOH in methylene chloride) furnished lactone 108 
(1 78 mg. 90%) as a coioriess oil. 



Synthesis of Lactone 109 as illustrated In Figure 14. Macrolactonization of Hydroxy Add 
107. The cyclization of hydroxy add 107 (100 mg, 0.14 mmol) was carried out exactly as 
described for 108 aboye and yielded lactone 109 (84 mg, 85%) as a coioriess oil. 

Synthesis of DIhydroxy Lactone 70 and 110 as Illustrated in Rgure 14. To lactone 108 
(50 mg. 0.071 mmol). cooled to -20 'C. wais added a freshly prepared 20% (v/v) CF,COOH 
solution in methylene diloride (400 mL). The reaction mixture was allowed to reach 0 'C 
and was stirred for 1 h at that temperature. The solvents wsre evaporated under reduced 
pressure and the crude product was purtfisd by preparative thin layer chromatography (si- 
lica gel. 6% MeOH in methylene chloride) to afford pure dihydroxy lactone 70 (31 mg, 92%); 
110 is prepared in a likewise manner as shown in Figure 14. 

9 

Synthesis of 6S,7R-EpothIlones ill and 112 as Ulustrated In Figure 14. Synthesized 
according to the procedure as described via supra for 1 using 70 or 110 instead of 1. 

Synthesis of Olsfinie Compound 115 ss lAustratsd in Rgure 16. Phosphonium salt 79 
(9.0 g. 12.93 mmol, 1 .5 equiv; vida supra) was dissolved in THF (90 mL) and the solution 
was cooled to 0 'C. Sodium bis(trimethylsilyl)amide (NaHMDS, 1.0 M solution in THF, 12.84 
mL, 12.84 mmol, 1 .48 equiv) was slowly added and the resulting mixture was stirred at 0 '0 
for 15 min. The reaction mixture was then cooled to -20 •€ before ketone 78 (2.23 g. 8.62 
mmol, 1 .0 equiv) in THF (10 mL) was added, and the reaction mixture was stirred at the 
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same temperature for 12 h. Saturated aqueous NKUCI solution (50 mL) was added and the 
mixture was extracted with ether (200 mL). The organic phase was washed with brine (2 x 
100 mL), dried (MgS04) and concentrated to afford, after flash column chromatography (si- 
tica gel, 2% ether in hexanes), olefins 115 (3.8g, 73%, Z:E ca. 1:1 k)y 1H NMR). 

Synthesis of Hydroxy Olefins 116 as Illustrated in Rgure 16. Desiiyladon of Silylether 
1 1 5. Silylether 115 (3.80 g, 6.88 mmoi) was dissolved in methylene chloride : MeOH (1:1, 

70 mL) and the solution was cooled to 0 ""C prior to addition of CSA (1 .68 g, 7.23 mmol. 

1 .05 equiv) during a 5 min period. The resulting mixture was stirred for 30 min at 0 ""C, and 
then for 1 h at 25 ""C. EtsN (1 .57 mU 7.23 mmol, 1.05 equiv) was added, and the solvents 
were removed under reduced pressure. Rash column chromatography (silica gel, 50% 
eth r in hexanes) furnished pure hydroxy compound 116 (2.9 g, 97%). 

Synthesis of Epothllone B ^ and analogs as Illustrated In Rgura 16. Synthesized ac« 
cording to the procedure as described atx)ve as shown in Hgure T4 for 11 1 and 112 using 

71 r 123 instead Of 110. 

Synthesis of Aldehyde 75 as lllustrstsd In Rgure 17. Synthesized in a similar manner 
according to the procedure as described for 101 via supra as shown in Rgure 15 using a 
different order of substrate addition; see conditions in description of Rgures. 

Synthesis of Lactone 121, 71, 2, 124 and 136 as illustratsd in Rgura 18. Synthesized 
according to the procedure as described at>ove as shown in Rgura 1 6 using 75 Instead of 
75'; see conditions In description of Rgiros. 

Synthesis of Carboxylie Add 110 as iUustratsd In Rgura ig. Synthesized according to 
th procedure as descrit)ed above as shown in Rgure 1 6 using 136 instead of 75*; see 
conditions in description of Rgures. 

Synthesis of of sMehyde 140 ss lihislratsd in Rgura 21 Synthesized according to the 
procedure as described above as shown in Rgure 1 3 for 77; see conditions in description of 
Figures. 

Synthesis of phosphonlum resin 147 as illustratsd In Rgura 21. Step 1) Alkytation of 
Merrifield Resin: A solution of 1 ,4*butanediol ( 7.18 g, 80.0 mmol, 5.0 equiv.) in DMF (600 
mL) was cooled to 0 ''C and sodium hydride (60 %, 3.20 g, 80.0 mmol, 5.0 equiv.) was 
add d. The reaction mixtura was stirred at 0 for 2 h and Merrifield resin (40.0 g, 16.0 
mmol, 1 .0 equiv.) foltowed by n-Bu4Ni (0.58 g, 1 .60 mmol, 0.1 equiv.) wera added. The 
reaction mixture was stinsd at 23 for 20 h. then poured into a frit and the polymer was 
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washed with MeOH (2 x 500 mL). DMF (500 mO. H20 at 80 oC (500 mL). OMF (500 ml), 
MeOH (500 mL), CHaCia (500 mL), EtaO (2 x 300 mL). Th resin was dried under high 
vacuum to a constam weight of 40.8 g. 

Step 2) Conversion of alcohol resin. A suspension of resin from above step 1 (40.8 g, 16.0 
mmol, 1 .0 equiv.) in CH2CI2 (700 mL) at 23 "C was treated with PhsP (20.9 g. 80.0 mmol, 
5.0 equiv ). imidazole (6.46 g. 80.0 mmol. 5.0 equiv.) and iodine (16.0 g. 64.0 mmol. 4.0 
equiv.). The reaction mixture was stirred at 23 °C for 3 h. then poured into a frit, and the po- 
lymer was washed with CH2CI2 (500 mL), MeOH (500 mL). CH2CI2 (500 mL). MeOH (500 
mU. CHaQa (500 mL), EtaO (2 x 300 mL). The resin was dried under high vacuum to a 
constant weight of 42.6 g. 

Step 3) Reaction of iodo resin formed in step 2 with Ph^jP. A suspension of iodo resin 
(42.6 g, 16.0 mmol. 1 .0 equiv.) in OMF (200 mL) at 23 ^0 was treated with Pt^P (41 .9 g. 
160 mmol. 10 equiv.). The reaction mixture was stirred at 90 for 12 h, then poured into a 
frit, and the polymer was washed with DMF at 80 °C (3 x 500 mU, CHaQa (500 mL). OMF 
(500 mL), EtaO (3 x 500 mLj. The resin was dried under high vacuum to a constant weight 
of 46.61 g. 

Syntheaia of Yllde reain 148 aa illustrated In Rgure 21 Deprotonation of Phosphonim re- 
sin 147: A suspension of resin 147 (15.0 g, 5.11 mmol. 1.0 equiv.) in a mixture of DMSO (50 
mL) THF (35 mg at 23 °C was treated with a 1 M solution of NaHMDS in THF (15.3 mL. 
1 5.3 mmol, 3.0 equiv.). The reaction mixture was stirred at 23 for 12 h, then eanulated 
into a Schlenk frit, and the polymer was washed under argon with THF (3 x 100 mL). 

Syntheaia of reaIn 180 aa Uiuatratad in Figure 21 Wiitig reaction of yllde resin 148 with al^ 
. dehyde 149 (vida supra). A solution of aldehyde 149 (2.50 g. 10^ mmoi. 2.0 equiv.) in 
THF (25 mL) was coolad at -78 *C and added to the freshly prepared resin 148 (5.1 1 mmol, 
1 .0 equiv.) via canuia. The resulting suspension was shaken at 23 *C for 3h, and the super- 
natant was filtered off. The polymer was washed with THF (100 mO. MeOH (100 mL), 
CHaCIa (100 mg. MeOH (100 mL). CHaCIa (100 mg. EtaO (2 x 100 mL). The resin ¥vas dried 
under high vacuum to a coratant weight of 1 4. 1 2 g. 

Syntheaia of reein 148 aa llluatrated in Figure 21 Step 1) Desitylatton of resin 150 with 
HF ' Pyridine complex Resin 150 (14«0 g. 5.05 mmol, 1.0 equiv.) was suspended in THF 
(1 35 mL) and treated at 0 ''C with HPPyridine complex (1 5 mL). The mixture was allowed to 
warm to 23 "^C and shaken for 12 h. The suspension was poured into a frit and the polymer 
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was filtered, washed with THF (100 mL). CHaCb (100 mL). MeOH (100 mL)» CHzOa (100 
mL), EtaO (2 x 100 mL) and dried under high vacuum to give 13.42 g of deprotected resin. 

Step 2) Swem oxidation of deprotected resin. To an Oxalyl Chloride (2.56 g, 1 .76 mU 20.0 
mmol, 4.0 equiv.) solution in CHjCia ( 50 mL) at -78 was added dropwise DMSO ( 3.12 g. 
2.84 mL, 40.0 mmol. 8.0 equiv.). The solution was stirred at -78 for 1 h and canulated in- 
to a suspension of resin (13.26 g. 5.0 mmol. 1 .0 equiv.) in CH2CI2 , previously cooled to 
-78 ^C. The resulting mixture was stirred for an additional hour and treated with EtsN ( 6.25 
g, 8.0 mU 62.5 mmol. 12.5 equiv.), allowed to warm to 23 and stirred for 1h. The mixture 
was filtered and the polymer washed successively with CH3CI2 (250 mL). MeOH (250 mL), 
CH2CI2 (250 mL), EtaO (2 X 300 mL), and dried under high vacuum to afford 13.25 g of resin 

145. 

Synthesis of rasin 151 ss iUustrstsd in Figurs 21 Step 1) Enolate formation; To a pre> 
cooled solution of LDA (6.60 mmol. 4.4 equiv.) otitained by treating diisopropyi amine (0.92 
ml. 6.60 mmol. 4.4 equiv.) in THF (25 ml^ at 0 "C with n-butytlithium (1 .6 M solution In THF. 
4.12 mL. 6.60 mmoi. 4.4 equiv.) was added a solution of Icetoadd 144 (vida supra) (0.93 g. 
3.0 mmol. 2.0 equiv.) in THF (25 mL) at -78 via canula. The solution was allowed to 
warm to -40 "C and stirred for 1h. 

Step 2) Aldoi reaction. A suspension of resin 145(4.0 g, 1 .50 mmoi, 1 .0 equiv.), ZnClj (1 .0 
M solution in EtaO. 3.0 mL, 3.0 mmol. 2.0 equiv:) in THF (25 mL). was treated at -78 with 
the enolate solution described above. The suspension was allowed to warm to -40 *C, stir- 
red for 2 h, quenched with saturated NH4CI aq. (8 mL) and neutralised at 23 with AcOH 
(0.76 mL. 1 3.2 mmol. 8.8 equiv). The mi)dure was poured into a frit, the polymer was wa- 
shed with THF (100 mg. EtgO (100 mg. CHaOa (100 mL). HaO (100 mU. MeOH (100 mL). 
CH,Cl2 (100 mL). 1% TFA v/v in CHiOt ( 3x75 mL). CHaQ, (2x100 mL). EtaO (2x100 mg 
and dried under vacuum to afford 1 .96 of resin 1 51 . 

Synthesis of raain 182 ss llluatratad In Figure 21. Esterification of resin 151 with alcohol 
1 43. A mixture of resin 1 51 ( 1 .40 g. 0.46 mmoi. 1 .0 equiv.), alcohol 1 43 (vide supra) ( 0.49 
g. 2.31 mmoi, 5.0 equiv.). 4-OMAP (0.32 g. 2.31 mmoi. 5.0 equiv.) and DCC (0.46 g. 2.31 
mmol. 5.0 equiv.) in CHaCI, (10 mL) was shaken al 23 "C tor 15 h. The polymer was fiitefed. 
washed with CHaCia (2x50 mL). MeOH (2x50 mg. CHaQa (2x50 mg. EtaO (2x50 mL) and 
dried under vacuum to afford 1 .48 g of resin 1 52. 

Synthesis of 154 as illustrated in Rgure 21. Metathesis of resin 152. A suspension of 
resin 1 52 (500 mg) in CHaCIa (40 mL) was treated with bi8(tricyciohsxylphosphine)ben2yll- 
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dine ruthenium dichloride (Rua2(sCHPh)(PCy3)2) (20 mg) and stirred at 23 ""C for 48 h. 
The poiymer was filtered and the filtrate was evaporated and purified by preparative thin 
layer chromatography (silicagel, 20 % ethyl acetate In hexanes) to give compounds 154, 
1 55, 1 56, 1 57 s ca: 3:3:1 :3. 52 % yield from the calculated loading of heterocycle in resin 
152. 

Synthesis of 157 and 158 u illustrated In Hgura 21. trans-Dihydroxy Lactone 157 and 
158. Desilylation of Compound 141 and 155. Silyi ether 141 or 155 (44 mg, 0.074 mmol) 
was treated with a freshly prepared solution of 20% (v/v) trifluoroacetic acid (TFA)*CH2Ci2 
(7.4 mL. 0.01 M) to yield, after flash column chromatography (silica gel. 50% EtOAc in 
hexanes). trans-dihydroxy ester 157 or 158 (33 mg. 93%) 

Synthesis of Eposterofies 159 and 1 as Illustrated In Rgurt 21. Epoxidation of ds-Hy- 

• ■ 

droxy Lactone 157 and 158. To a solution of cis-hydroxy lactone 157 and 158 (19 mg, 
0.039 mmol) in acetonitrile (390 mL. 0.1 M) is added a 0.0004 M aqueous solution of diso- 
dium salt of ethylenediaminetetraacetic acid (NaaEOTA, 200 mL. 0.2 M) and the reaction 
mixture Is cooled to 0 oC. Excess of 1 ,1 .1 -trifluoroacetone (80 mL, 0.5 M) is added, folio- 
wed by a portionwise addition of Oxone9 (120 mg. 0.20 mmol. 5.0 equiv) and NaHCC^ (26 
mg, 0.31 mmol, 8.0 equiv) with stirring, until the disappearance of starting material is detec- 
ted t)y TLC. The reaction mixture is then directly passed through silica gel and eluted with 
50% EtOAc in hexanes. Purification by preparative thin layer chromatography (250 mm 
silica gel plate, 70% EtOAc in hexanes) provides the diastereomeric eposterones 159 or 1 
(epothiione ^. 

Synthesis of alcohol 183. Altylboratlon of Aldehyde 162 ss llluststrated In Rgure 2S. 

Aldehyde 162 (1 .0 equiv) was dissolved in anhydrous ether (0.3 M) and the solution was 
cooled to -100 "C. (•»-)>Oiisopinocampheylallyl borane (1 JZ equiv In pantane. prepared from 
(-)-lpc2B0Me and 1 .0 aquiv of allyl magnesium bromide) was added dropwise under vigo- 
rous stirring, and the reaction mixture was allowed to stir for l h at the same temperature. 
Methanol was added at -100 oc. and the reaction mixture was allowed to warm up to room 
temperature. Amino ethanol (10.0 aquiy) ¥vas added and stimng was continued for 15 h. 
The wori(-up procedure was completed by the addition of saturated aqueous NH4CI solu- 
tion, extraction with EtOAc and drying of the combined organic layers with MgS04. Filtra- 
tion, followed by evaporation of the solvents under reduced pressure and flash column 
chromatography (silica gel. 35% ether in hexanes for several fractions untU all the boron 
complexes w re removed: then 70% ether in hexanes) provided alcohol 163 (91%). 
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Synthasit f hydroxy Esttrs 164 and 165. EDC Coupling f Carboxylle Adds 45 and 
46 and Ale h 1 163 aa llluatratad In Hgura 25. Synthesized according to the procedur as 
described above as shown in Rgure 7 using 163 instead of 6; see conditions in the descrip- 
tion of Figures. 

Syntheala of 161, 170, 171 and 172. Synthesized according to the procedure as described 
above as shown in Figure 6 using 164 instead of 35 or 36; see conditions in the description 
of Figures. 

SyntfiMla of Epoxalonta 177, 178, 179 and 180 aa llliwtratad In Rgura 27. 

Synthesized according to the procedure as described above as shown in Rgure 6 using 
165 instead of 35 or 36; see conditions in the description of Figures. 



Synttiaala of e/»Bla(TBS) Ether 183 aa llluatratad In Rgure 29 A solution of alcohol 181 
(148 mg, 0.32 mmol) and 2.6^utidine (560 ni, 4.8 mmoi, 15 equiv) in CH2a2 (3.2 mL. 0.1 
M), at 0 'C. is tnatad with fe/fbutyldimetttylsilyl trifluoromethanesuHbnate (TBSOTf, 735 
/nL. 3.2 mmol. 10 equiv) and stirred at ttiis temperature for 30 minutes, whereupon no star- 
ting material is detected by TLC. The reaction mixture is quenched by pouring it into satura- 
ted aqueous NH4CI (10 mL). Extractions wWi ettier (2x10 mL), drying (MgS04) and oon- 
centiation is followed by flash chromatographic purification (silica gel. 7% EtOAc in haxa- 
nes) to provide bisCTBS)ether 183 (182 mg. 99%). 

Syntheala of trana-8ia(rBS) Ethar 184 aa Nluatratad in Rgura 29. Silylation of Alcohol 
1 82. In accordance with the procedure describing the silylation of alcohol 1 81 . a solution of 
alcohol 182 (77 mg. 0.17 itimol) and 2,6^uBdlna (300 ml, 2.6 mmol, 15 equiv) in CHjOa (17 
mL 0.1 M). at 0 *C. is traatad with tart-butyldimathylaiiyi trtfluoromethanasulfonate (TBSOTf. 
390 mU 1 .7 mmol, 10 equiv) to provida bls(TBS)attiar 1 83 (92 mg. 97%). 

Syntheala of cfa-Alaohol 188 aa Uluatratad In Rgura 29. A solution of TBS ettieri 83 
(1 82 mg. 0.31 mmol) in MaOH (3.1 mL 0.1 M) is treated with 1 0^amphorauifbnic add 
(CSA, 72 mg. 0.31 mmd, 1.0 equiv) at room temperature for 12 h. until TLC indicates the 
disappearance of starting material. The mixture is then poured into into saturated aqueous 
NaHCOs (10 mL). extracted with etiier (3 x 10 mL) and dried (MgSO*). Rash column chro- 

* 

matography (silica gel. 20% EtOAc in hexanes) yields pure 1 85 (98 mg. 67%). 

Syntheala of trana-Aleohol 186 aa Illustrated in Figure 29. In accordance with the pro- 
cedure describing the desilylation of TPS ether 183. a solution of TPS ether 184 (31 mg, 
0.05 mmol) in mettianol (1.6 mL 0.1 M) waa treated with 10-camphoraulfbnlc add (CSA. 37 
ma o ifi mmol. 1 .0 aauiv) to vield dioi 186 (51 mg. 69%) as a crystaUlna solid. 
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Synthesis f Carfooxyli scld 187 ss illustratsd In Rgurs 29 Ethyl bromopynjvate (1 .66 
mL. 13.2 mmol, 1 equiv) and thioacetamide (1 .05 g. 13.9 mmol, 1.05 squiv) are dissolved in 
95% aqueous ethanol (14 mL 1 M) and heated at reflux for 5 minutes. Completion of the 
reaction is indicated by TLC. The reaction mixture is then cooled to room temperature, con- 
centrated in vacuo, suspended in CHCI3 (20 mL) and washed with saturated aqueous 
NaHCO, (2 X 20 mL) and with HaO (20 mL). Drying (MgSO*) and concentration is followed 
by flash chromatographic purification (silica gel. EtOAc) to yield the corresponding ethyl 
ester of add 7 (2.26 g. 100%). This ester is dissolved in THF-HaO (1:1; 14 mL. 1 M) and 
submitted to the action of lithium hydroxide (1 .66 g. 39.6 mmol, 3.0 equiv). After stirring at 
room temperatore for 45 min TLC indicates the disappearance of starting material. The mix- 
ture is poured into HaO (20 mL) and extracted with ether (2 x 20 mL). Acidification to pH - 2 
to 3 with aqueous 4 N HCI is followed by extractions with EtOAc (6 x 20 mL). Drying 
(MgSO*) and concentration gives pure carboxytic acid 1 87 (1 .36 g. 72%). 

Synthesis of cie-Keto Ester 188 as Illustrated in Rgurs 29. EDO CoupHng of Alcohol 
1 85 with Thiazole Acid 1 87. A suspension of tWazoie add 1 87 (64 mg, 0.38 mmd, 2.0 
equiv). 4.(dimethyiamino)pyfidine (4.0MAP. 2.3 mg. 0.019 mmol. 0.1 equiv) and alcohol 
1 85 (88 mg. 0.1 9 mmol. 1 .0 equiv) in CHada (3.8 mU 0.05 M) is cooled to 0 'C and then 
treated with i.ethyl-(3-dimethylaminopropyl)-3-carbodlimide hydrochloride (EDC, 109 mg, 
0.57 mmol. 3.0 equiv). The reaction mbcture is stirred at 0 •C for 2 h and then at 25 'C for 
1 2 h, until TLC indicates completion of the reaction. The solution is separated between 
EtOAc (1 0 mL) and water (10 mL). The aqueous layer is extracted with EtOAc (2x10 mL) 
and dried (MgS04). Evaporation of the solvents is followed by flash column chromatography 
(silica gel. 30% EtOAc in hexanes) results In pure keto ester 188 (102 mg, 92%). 

Synthesis of trans-Krto Ester 189 m Illustrated In Rgura 29. By analogy to the procedu- 
re described above tor the synthesis of keto ester 188, a solution of thiazole add 187 
(28 mg. 0.198 mmol. 2.0 equiv), 4.dimethytaminopyridine (4-DMAP. 1.2 mg. 0.0099 mmol. 
0.1 equiv). and ak:Ohol 186 (46 mg. 0.099 mmol. 1.0 equiv) in CHjOa (2.0 mg is treated 
with i.ethyl-(3-dimethylaminopropyl)-3<arbodilmide hydrochloride (EDC. 57 mg. 0.297 
mmol. 3.0 equiv) to provkle. after flash column chromatography (silica gel. 20% EtOAc in 
hexanes). keto ester 189 (49 mg. 84%). 

Synthesis of cIs-Hydroxy Lactone 190 as Illustrated In Rgura 29. Sllyl ether 188 (95 mg. 
0.16 mmol) was treated with a freshly prepared solution of 20% (v/v) trifluoroacetic add- 
CHaCIa (16 mL 0.01 M) at 0 'C. The reaction mixture was stirred at 0 'C for 45 min (com- 
pletion of «ie reaction by TLC). and then poured into sturated aqueous NaHCO, (50 mL). 

^ ptnAr. « « 20 mLi. dried over MqS04 and evaporated under reduced pres- 
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sure. The crude reaction mixture was purified by flash column chromatography (silica gel, 
50% EtOAc in h xanes) to ot>tain cis-hydroxy lactone 190 (74 mg, 96%). 

Synthesis of trans-Dlhydroxy Lactone 191 as illustrated in Rgure 29. Silyl ether 189 (44 
mg, 0.074 mmol) was treated with a freshly prepared solution of 20% (v/v) trifluoroacetic 
acid (TFA)-CH2Cl2 (7.4 mL, 0.01 M), according to the procedure described for cis-dlhydroxy 
lactone 8. to yield, after flash column chromatography (silica gel, 50% EtOAc in hexanes), 
trans-dihydroxy ester 191 (33 mg, 93%). 

Synthesis of Eposterones 192 and 194 as Illustrated In Rgure 29. To a solution of cis- 
hydroxy lactone 190 (19 mg, 0.039 mmol) in acetonitrile (390 mL 0.^ M) is added a 0.0(X)4 
M aqueous solution of disodium salt of ethyienediaminetetraacetic acid (NaaEOTA* 200 mi^ 
0.2 M) and the reaction mixture is cooled to 0 oC. Excess of 1 ,1 ,1-trifluoroacetone (80 ml^ 
0.5 M) is added, followed t)y a portionwise addition of OxoneS (120 mg, 0.20 mmol, 5.0 
equiv) and NaHCOa (26 mg, 0.31 mmol, 8.0 equiv) with stirring, until the disappearance of 
starting material is detected by TLC. The reaction mixture is then directly passed through 
silica gel and eiuted with 50% EtOAc in hexanes. Purification by preparative thin layer chro- 
matography (250 mm silica gel plate, 70% EtOAc in hexanes) provides the diastereomeric 
eposterones 192 (9.5 mg, 48%) and 194 (3.4 mg, 17%). 

* 

Synthesis of Eposterones 193 and 19B as Illustrated In Rgure 29. As described for the 
epoxidation of cis-hydroxy lactone 190, trans-hydroxy lactone 191 (22 mg, 0.046 mmol) in 
MeCN (460 mU 0.1 M) was treated with a 0.0004 M aqueous solution of disodium salt of 
ethyienediaminetetraacetic add (NaaEOTA. 230 mU 0.2 M). 1 .1 ,1-trffluoroacetone (92 mL 
0.5 M), Oxone® (141 mg. 0^ mmol. 5.0 equiv) and NaHCOS (31 mg, 0.37 mmol. 8.0 
equiv), to yield, after punficaUon i>y preparative thin layer ch r om a tography (250 nvn silica 
gel plate, ether), eposterones 193 (7.3 mg. 32%) and 195 (5.2 mg. 23%). 

Syntheaia of Epesteronea 199, 200, 201, 202t 203, 204, 208, 200, 207, 208, 200 and 210 
as illustrated in Flgurs 30. By simple modification of the esterification step. i.e. replacing 
the thiazoie cartMxyiic add 187 in Figure 29 with the known carboxyUc adds found in opox* 
alone (198). eieutherobin (197) and taxol (198). other members of the eposterone family 
can be created induding the various isomers: 199, 200. 201 . 202, 203, 204, 205, 206, 207. 
208. 209 and 210. 

Syntheaia of Phoaphonlum Salt 220 as iUustratsd in Rgure 31. Synthesized according 
to the procedure as described via supra as shown in Figure 12 using 211 instead of 88; see 

conditions in the description of Figures. 
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Synthasis f inttrmadictM en routa t and Lactones 230 and 229 a iliuatratad In 

Figurt 33. Synthesized according to the procedure as described via supra as shown in 
Figure 1 4 using 220 instead of 79; see conditions in the description of Figures. 

Synthesis of intemiediates en route to and Epothilone 23 and 24 as illustrated in 
Figure 33. Synthesized according to the procedure as descrit)ed via supra as shown in 
Figure 1 4 using 220 as the initial phosponate instead of 79; see conditions in the descrip- 
tion of Figures. 

« 

Synthesis of NItrile 244 snd Intsrmsdiatss en route to as Illustrated In Rgurs 34. Syn- 
thesized according to the procedure as descrit)ed via supra as shown in Figure 1 7 using 
217 instead of 82; see conditions in the description of Figures. 

Synthesis of Gsrboxyiie Acid 249 snd intsnnedlatss en route to as lllustratsd In Rgurs . 

35. Synthesized according to the procedure as described via supra as shown in Figure 19 . 
using 224 instead of 78; see conditions in the description of Figures. 

Synthesis of Hydroxy Add 280 ss lllustratsd In Rgurs 38. Synthesized according to the 
procedure as descrit>ed via supra as shown in Figure 18 using 249 instead of 1 19; see con- 
ditions in the description of Rgures. 

Synthesis of Lactone 229 as Illustrated In Rgurs 38. Synthesizsd according to the pro- 
cedure as described via supra as shown in Rgurs 18 using 280 instsad of 73; see oondi- 
tions in the description of Rgures. 

SyntlMsis of Compound 282 m iUiistrated In Fisure 37. Compound 251 . trityi chloride 
(2.0 eq.) and DMAP (1 .1 aq;) wore disaoivod in DMF (0.1 M) and the reaction mixture hea- 
ted at 60 "C for 12 h. The solvent was removed under reduced pressure and flash column 
chromatography (silica gel, ether in hexanes) furnished pure 252. 

Synthesis of Primary Alcohol 253 as Ulustrated In Rgure 37. Selective Hydroboration of 
Oiefinic Compound 252. Compound 252 was cooled to 0 "C. 9-BBN (7.0 mL, 0.5 M solution 
in THF, 3.5 mmol, 1.2 equiv) was added, and the reaction mixture was stirred for 2 h at 
0 'C. Aqueous NaOH (7.0 mU 3 N solution, 21 .0 mmol. 7.2 equiv) was added with stirring, 
followed by HaOa (2.4 mL. 30%. aqueous solution). Stirring was continued for 0.5 h at 0 °C, 
after which time the reaction mixture was diluted with ettier (30 mL). The organic solution 
was separated and the aqueous phase was extracted with ether (2x15 mL). The oomt)i- 
ned organic layer was washed with brine (2 x 5 mL). dried (NsaSO*) and concentrated in 
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vacuo. Rash column chromatography (silica gel, 50 to 80% ether in hexanes) furnished 
primary alcohol 254 (1.0 g. 91%). 

Synthesis off Iodide 254 as Illustrated in Rgure 37. Iodide 254 (1 .1 8 g. 92%) was prepa- 
r d from alcohol 253 (1 .0 g. 2.53 mmoO according to the procedure descrit)ed above for 
219. 

Synthesis of Hydrazone 255 as illustrated In Rgura 37. Aikylation of SAMP Hydrazone 
with Iodide 254. SAMP hydrazone (337 mg, 0.2 mmol, 2.0 equiv) in THF (2.5 mL) was ad- 
ded to a freshly prepared solution of LOA at 0 [diisopropylamine (277 mL. 0.20 mmol. 
2.0 equiv) was added to n-BuU (1 .39 mL 1 .42 M solution in hexanes. 0.20 mmol. 2.0 
equiv) in 2.5 mL of THF at 0 "C] at O'C. After stirring at that temperature for 8 h. the resul- 
ting yellow solution was'cooled to -100 *C. and a solution of iodide 254 (0.5 g. 0.99 mmol, 
1 .0 equiv) in THF (3 mL) was added dropwise over a period of 5 min. The mixture was al- 
lowed to warm to -20 "C over 10 h, and then poured into saturated aqueous NH4CI solution 
(5 mL) and extracted with ether (3 x 25 mL). The combined organic extracts were dried 
(MgS04), filtered and evaporated. Purification by flash column chromatography on silica gel 
(20 to 40% ether in hexanes) provided hydrazone 255 (380 mg. 70%. de > 98% by 1 H 
NMR) as a yeltow oil. 

Synthesis of Nitrile 286 as illustrated In Flgura 37. Monoperoxyphthalic add magnesium 
salt (MMPP*6H20. 233 mg. 0.36 mmol, 2.5 equiv) was suspended in a rapidly stirred mix- 
ture of MeOH and pH 7 phosphate buffer (1 :1 . 3.0 mL) at 0 *C. Hydrazone 255 (83 mg. 
0.1 5 mmol, 1 .0 equiv) in MeOH (1 .0 mL) was added dropwise. and the mixture was stirred 
at 0 *C until the reaction was complete by TLC (ca 1 h). The resulting suspension was pla- 
ced in a separating funnel along with ether (1 5 mL) and saturated aqueous NaHCOs solu- 
tion (5 mL). The organic layer was separated and the aqueous phase was extracted with 
ether (10 mL). The combined organic solution wss washed with water (5 mL) and brine (5 
mL), dried (MgS04) and concentrated. Rash column chromatography (silica gel. 50% ether 
in hexanes) afforded nitrile 256 (53 mg. 80%) as a colorless oil. 

Synthesis of Aldehyde 257 as tliustratsd in Rgura 37. Nitrile 256 (53 mg, 0.1 2 mmoQ 
was dissolved in toluene (2.0 mL) and cooled to -78 *C. DIBAL (245 mL, 1 M solution in to- 
luene. 0.22 mmol, 2.0 equiv) was added dropwise at -78 *C and the reaction mixture was 
stirred at tiiat temperatijre until Its completion was verified by TLC (ca 1 h). Methanol (150 
mL) and aqueous HCI (150 mL, 1 N solution) were sequentially added and the resulting mix- 
ture was brought up to 0 *C and stirred at that temperature for 30 min. Ether (5 mL) and 
water (2 mL) wera added, and the organic layer was separated. The aqueous phase was 
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extracted with ether (2x5 mL) and the combined organic solution was washed with brine (5 
mL), dried (MgS04). filtered and concentrated under reduced pressur . Flash column chro- 
matography (silica gel. 15% ether in hexanes) furnished pure aldehyde 257 (44 mg, 82%). 

Synthesis of Hydroxy Acid 263 and intemiediatea en route to, as Illustrated in Rgure 

38. Synthesized according to the procedure as described above as shown in Figures 16 
and 18 using 257 instead of 75; see conditions in the description of Figures. 

Synthesis of Epwcyde 266 and Intermediatea en route to, as liluatrated in Rgure 39. 

Synthesized according to the procedure as described above as shown in Figures 1 6 and 1 8 
using 257 as the starting substrated instead of 75; see conditions in the description of R- 
gures. 

Synthesis of Spirocyclopropane Ketoester 276 as illustrated In Rgure 41 . Cydopropa- 
nation of Ethyl Propionylacetate 275. Ethyl propionylacetate 275 (75.0 mL. 0.526 mol; 
Aldrich) was added to a solution of dry K3CO3 (218.0 g. 1 .579 mol. 3.0 equiv) in DMF (526 
mi^ 1 M) at ambient temperature. This mixture was treated with 1 .2-dibronK)ettwne (60.0 
ml^ 0.684 mol, 1 .3 equiv) over a period of 15 min and then rapidly stirred for 15 h, after 
which time completion of the reaction was indicated by NMR. Following filtration through 
celite and washing with ether, the solvents were removed In vacuo. Vacuum distiliation (bp 
64 'C / 6 mm Hg) of the cnide product resulted in pure spirocyclopropane icetoester 276 
(53.9 g. 60%) as a coloriess oil. 

Synthesis of Spirocyclopropane Ketoeldehyde 274 as Illustrated in Rgure 41. LiAIH4 
Reduction / Swem Oxidation of Spirocyciopiopane Ketoester 276. To a solution of spiro- 
cyclopropane ketoester 276 (53.9 g. 0.316 mol) in ether (1.5 U 0.2 M) was added a solution 
of lithium aluminum hydride (LAH; 1 M solution in THF, 632 ml^ 0.632 mol, 2.0 equiv) at 
-20 'C over a period of 2 h and the reaction mixture stlned at -20 'C for 2 h. The reaction 
mixture was then diluted with ether (250 mg and quenched by the sequential dropwise ad- 
dition of water (24 mL), 15% aqueous sodium hydroxide solution (24 mL) and additionai wa- 
ter (72 mL). The resulting slurry was allowed to wann to 25 "C over 1 0 h and the aluminum 
salts were removed by filtration through celite. The filtrate was dried (MgSO«). and the sol- 
vent removed in vacuo to yield the cnide diol (38.5 g, 93%). which was used in the oxidation 
step without further purification. An analytical sample was prepared by flash column chro- 
matography (silica gel. 33 to 50% EtOAc in hexanes). To a solution of oxaiyi chloride (35.5 
mL 0.407 mol. 3.0 equiv) in CHaCI, (360 mL) was added dropwise DMSO (38.5 mU 0.543 
mol. 4.0 equiv) in CH2CI2 (100 mL) at -78 over 1 h. After stirring for 35 min. a solution of 
rn.H* HiAi (17 7 fl. 0 136 moh in CH^ (200 mL) was added dropwise at -78 'C over a pe- 



